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CHARACTERISATION OF DEEP-LEVELS IN SILICON
FOR APPLICATIONS IN THERMAL IMAGING
Optical and electrical techniques are used to characterise deep- 
levels in silicon that could have applications in extrinsic silicon 
thermal imagers.
The concentration of indium in indium-doped silicon substrates 
is estimated from Hall-effect and capacitance-voltage measurements together 
with chemical analysis and infra-red absorption.
Junction space-charge measurements on diode structures are used 
to give information on the thermal emission rate, photoionisation cross- 
section, and enthalpy values of impurities and radiation-induced defects 
in silicon.
The responsivity, noise and detectivity of indium-doped silicon 
detectors are measured and found to be in very good agreement with 
calculated values of these quantities. A model for the responsivity is 
developed which explains the general features of the experimental 
responsivity results in terms of capture and emission processes from 
acceptor levels.
Finally, the use of the ’punch-through1 technique to produce a 
compact monolithic extrinsic silicon thermal imager is described and 
results of its low temperature operation are given.
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GLOSSARY OF TERMS
Absorption coefficient, a, is the product of the number of centres available 
for absorption and their photoionisation cross-section.
: 3)
Detectivity, D*, is)the signal-to-noise ratio produced by unit radiant flux on 
a detector of unit area in unit noise bandwidth.
Photoconductive gain, G, is represented by the number of charges flowing through 
the electrical circuit, of which the photoconductor is a part, per photon 
absorbed. It is given by T/Tr where t is the carrier lifetime and T r is the 
transit time.
Quantum efficiency, p, is the ratio of photon flux absorbed within the 
detector to the incident photon flux.
Responsivity, R, is the ratio of the RMS value of the fundamental component 
of the signal current (or voltage) to the RMS value of the fundamental component 
of the incident radiation power.
Transit time, Tr , is the time it takes a carrier to traverse a detector.
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CHARACTERISATION OF DEEP-LEVELS IN SILICON 
FOR APPLICATIONS IN THERMAL IMAGING
1. INTRODUCTION
Thermal imaging is the detection of infra-red (I.R) radiation 
emitted by a scene and the conversion of that radiation into a visible image.
Terrestial thermal imagers, or imagers that view through the 
atmosphere, are constrained to operate in one of the ’atmospheric windows' 
which are wavebands of high transmittance for infra-red radiation. The 
transmittance of the earth's atmosphere at sea-level as a function of 
photon wavelength is shown in figure (1) [after Hudson^)]. The 'windows' 
of major interest for thermal imaging applications cover the 3-5 pm and 
8-14 pm wavebands.
The conditions under which a thermal imager operates may be 
contrasted with those under which the image-intensifier works. For 
instance, the thermal imager relies on the infra-red radiation emitted by 
a body, whereas the image-intensifier uses the (very low) visible photon 
flux reflected by an object. Also, the thermal imager works in a high- 
background low-contrast environment whereas the image-intensifier works 
under low-background high-contrast conditions. As an indication of the 
rather severe conditions under which a thermal imager must operate, the 
300K 'background' photon flux if integrated out to 10 pm is approximately 
equivalent to the visible photon flux density in bright sunlight. However, 
the contrast on the 300K background radiation is only 4% per degree Kelvin 
above background for imagers operating in the 3-5 pm band, and only 2% 
per degree Kelvin above background for imagers operating in the 8-14 pm 
window.
Materials that are to be used for thermal imaging must be 
sensitive to low-energy infra-red photons. Intrinsic silicon is only 
sensitive to photons which can promote band-to-band transitions, that is 
to photons of wavelength less than about one micron (10“^m). Hence 
intrinsic silicon is not a suitable material for thermal imaging through 
the atmosphere. However, it is possible to introduce centres into silicon 
(impurities, complexes, or defects) that produce energy-levels in the 
silicon band-gap that make it sensitive to infra-red wavelengths of 
interest. Such extrinsic silicon infra-red photodetectors offer the 
advantage of being able to utilise the well-developed silicon technology.
It is perhaps for this reason alone that research into extrinsic silicon 
as an infra-red photodetector continues. Other materials, such as indium
Tr
an
sm
itt
an
ce
 
(p
er
ce
nt
)
• I -
^ — Near infrared —  Middle infrared---------------------------------------------------------------Far infrared
100
Wavelength' (microns)
t t t f t  t t t t t t tt f t  tv j ^  ——
02 J h 2o co2 H20  C02 ^ 0 3 H20 c o2 C02
h 2o co2 03
ABSORBING MOLECULE
Fig.1. Trarvsrnittanca. oP th a  aarth's Q tm osphara  
a t  saa LavaL as a Function oP wavaLa.ngt>\.
- 3 -
antimonide (InSb) and mercury cadmium telluride^ or CMT,2 offer superior 
detector performance and higher operating temperatures * but at present 
it is in the realisation of the final device structure that extrinsic 
silicon has the clear advantage of a well-developed technology.
In recent years the requirement has been for increasingly large 
arrays of infra-red photodetectors. This has brought with it the need to 
multiplex on the focal plane, not only to reduce the number of lead-outs 
required but also to reduce the thermal loading of cooied detector heads.
The charge-coupled d e v i c e ( 2 )  (C.C.D.) is widely used as the multiplexer 
and methods have been established for transferring the photogenerated 
charge from the underlying extrinsic silicon substrate into the C.C.D. 
wells^ Two such methods are d i r e c t - i n j e c t i o n ( 3 )  and ’punch-through1 >5). 
This approach allows the production of monolithic focal-plane arrays 
(MFPA's), the detectors and read-out structure being fabricated on the 
same piece of silicon.
Centres suitable for an extrinsic silicon infra-red imager must 
satisfy several criteria if they are to yield a useful detector. Firstly, 
they must have a suitable energy-level in the silicon band-gap, Centres 
which lie about 0.25eV from the nearest band-edge are required for 3-5 pm 
detectors(6)t an(j those with levels about 0.09eV from the nearest band- 
edge for 8-14 pm detectors^). Secondly, an efficient infra-red detector 
requires a high quantum efficiency and for this the centre must have both 
a large photoionisation cross-section and also a high solubility in 
silicon. For the highest operating temperature, not only should the 
centre be as deep as possible, consistent with sensitivity in the 
appropriate waveband, but it should also have a small capture cross- 
section for the photoionised carrier, hence the interest in the so-called 
counterdopant materials^). jn counterdopant extrinsic silicon detectors 
a centre that is either neutral or repulsive to the photoionised carrier 
is used; this leads to a small capture cross-section and hence (Appendix 1) 
to a higher temperature of operation. An example of counterdoping in p-type 
material would be the introduction of deep donors to compensate the 
shallow acceptors and thus become positively charged. Photoexcitation of 
holes to the valence-band leaves the donor centres electrostatically 
neutral. In contrast, conventional extrinsic photoconductive materials 
exhibit coulombic attraction between the deep-level centre and the 
photoexcited carrier. Furthermore, if the centre is to be used in a 
monolithic structure, such as the punch-through C.C.D. structure (section 5) 
then it is necessary that the centre has a low diffusion coefficient in
- 4 -
order that subsequent processing does not cause it to diffuse throughout 
the device structure. Also, if the infra-red active centre is a radiation 
centre^,10) or an impurity complex it is necessary that any processing 
done on the substrate does not cause the centre to 'anneal out'. Hybrid 
structures may overcome the processing problems described abbve but then 
interconnection difficulties have to be contended with. Hence the 
properties an infra-red sensitive centre should have may be summarised as 
follows:
1) Energy level appropriate for waveband of interest.
2) Large photoionisation cross-section.
3) High solubility.
4) Small capture cross-section.
and, depending on the type of device structure envisaged:
5) Small diffusion coefficient.
6) Stability at processing temperatures.
Much of this thesis is concerned with indium-doped silicon 
(Si:In) which is an infra-red detector material that operates in the 3-5 pm 
band with an operating temperature of about 60K. However, other centres 
are characterised, including counterdopants, that offer the possibility 
of higher operating temperatures.
2. HALL-EFFECT MEASUREMENTS
2.1 Introduction
For an infra-red photoconductor, background-limited or BLIP 
performance occurs at that temperature where the thermal generation rate 
of carriers is equal to the optical generation rate (Appendix 1). The 
presence of centres shallower than the impurity of interest may thus 
lower the operating temperature of a detector, if it is to remain background- 
limited, since they can contribute to the thermal generation current when 
the major centre has essentially 'frozen-out'. Indium in silicon acts as 
a simple acceptor lying about 0.155 eV from the valence band-edge.
Hence, if indium-doped silicon is to be used as an infra-red detector in 
the 3-5 pm band, then for the highest possible temperature of operation 
acceptor levels shallower than the indium must be compensated out.
It is found that indium-doped silicon crystals grown by the 
float-zone or Czochralski technique have a shallow indium-related centre 
called the In-X l e v e l 12,13,14) present. This level acts as a simple 
acceptor lying 0.110 eV from the valence band-edge. Also, with a 
segregation coefficient of near unity, boron is always present as an
- 5 -
unwanted impurity. Boron acts as a simple acceptor with an activation 
energy of 0.044 eV. These levels, and any other shallow acceptor 
impurities, such as aluminium, must therefore be compensated out to 
produce detector grade material.
Compensation is achieved by adding a shallow donor, such as 
phosphorus, to fill the shallower acceptor levels with electrons so that 
their occupation does not change with temperature. Since the responsivity, 
or photocurrent produced by unit illumination power, is proportional to 
the number of neutral indium centres (centres from which a hole can be
i *
optically excited), then it is apparent that the compensation should only 
remove levels shallower than the indium and that for the highest 
responsivities very little indium should be compensated out. Until 
recently the compensation of the shallower acceptor impurities in Si:In 
crystals has been achieved either by adding small concentrations of donors 
directly to the melt, in the case of Czochralski material, or by controlling 
the donor concentration by limiting the number of vacuum passes in float- 
zoned material. For low compensation (high responsivity) material the 
excess donor concentration,
n
Nd EXCESS = Nd - (Nb + Nx + I Ni) (2.1)
i=l
_ o
where: Ng = total donor (phosphorus) concentration (cm )
_ o
Ng = boron concentration (cm )
_ r>
= X-level concentration (cm )
N^ = concentration of other shallow acceptors (cm )
should be * 10-*-^  cm”^. This creates a problem for traditional doping methods 
because control at these low levels is very difficult to achieve. A more 
satisfactory method for precision control of compensation in Si:In material 
is the use of neutron transmutation doping (N.T.D. ) ^ ^  >16).
The N.T.D. process proceeds according to the reaction:
Sj30 + NEUTRON -» S±31 + y + P31 + fT (2.2)
SO 10A thermal neutron is absorbed by a S^ atom (S^ isotope natural
31abundance 3.1%) forming a S^ atom. This in turn decays into a lower
energy-state through the emission of a gamma ray. Finally, the emission
30 31of a beta particle completes the transmutation of S^ to P . The
- 6 -
relationship between the final phosphorus concentration, the neutron 
fluence, and the radiation time is given by:
(2.3)
where,
= concentration of Si^® atoms (cm"~^)
a = thermal neutron capture cross-section (1.1 x 10“25 cm^)
—2 —1<j>n = neutron fluence (cm s )
t = irradiation time (s)
The uniformity that has been o b t a i n e d ( 1 5 )  j[s typically ± 5% and the only
apparent disadvantage of the method appears to be the production of the
The production of this isotope requires that the processed slices undergo 
a Cooling-off* period until safe to handle.
essential to monitor the doping concentrations of the major impurities. 
This was effected by making variable-temperature Hall-effect measurements
These results were then fed-back to the crystal growers to supply them 
with useful information for growing future crystals. In the case of one 
undercompensated crystal (D180) the Hall-effect results gave information 
on the excess boron concentration. This crystal was then sent to Harwell, 
with the Hall-effect results, for neutron transmutation doping to compensate 
out the excess boron. Hall-effect measurements were thus the basic means 
of electrically assessing the quality of the material. Altogether se.ve.0 
indium-doped silicon crystals were characterised using the Hall-effect 
apparatus. The ?■ crystals included both undercompensated and 
overcompensated material. Crystal D180 deliberately had no addition of 
phosphorus so that the boron contamination could be monitored.
including radiation-induced centres in n-type silicon and sulphur-doped 
silicon, both possible thermal imaging materials.
metastable I n H ^ m isotope which, with a half-life of 50 days, is of some 
concern.
+ Y •> Sn 
50
114
49 50 days
Hence, in order to produce the best detector material it is
in an automated system(17) using samples of the van der Pauw configuration^®)
Other material was also investigated in the above system
- 7 -
A study has been made of the radiation-induced defect creation 
and annealing in high resistivity float-zoned n-type silicon of the type 
commonly used for power devices^l^). in the course of this work there 
appeared to be a centre contributing to the deep-level \ransient spectroscopy 
(DLTS) peak associated with the ’A 1 centre or oxygen-vacancy complex.
This other centre had a thermal emission rate indistinguishable from the 
’A ’ centre but it did have a markedly different capture rate; also 
annealing measurements showed that its annealing rate differed from the 
'A' centre. Hence, although both the ’A ’ centre and the ’K ’ centre as I 
shall call it, both gave a thermal activation energy of 0.17 eV from a 
plot of In en/T^ versus 1/T (en is the emission rate constant) they 
both gave different enthalpy values (Appendix 2) because the ’A ’ centre 
showed an electrori capture cross-section independent of temperature and 
the fK ! centre showed a temperature dependent capture cross-section. 
Correcting the ’K f centre thermal activation energy of 0.17 eV by the 
temperature dependence of the capture cross-section gave an enthalpy of 
0.09 ± 0.015 eV. Such a centre is of interest because not only would it 
operate in the 8-14 pm window, but its small electron capture cross- 
section (on « 5.10~^ exp - ( 0 . 0 8 / k T ) ) w o u l d  give a reasonably 
high temperature of operation. In fact, if the photoionisation cross- 
section of the centre in the 8-14 pm band were « 10” -^^  cm^ then operation 
at about .77K would be possible. Hence, to confirm the thermal emission 
and capture cross -section measurements, Hall-effect measurements were 
made on material that should either freeze-out on the 'A* centre or the 
,K ! centre.
Finally, sulphur-doped silicon, another possible material for 
thermal imaging in the 3-5 pm band, was also characterised using the 
Hall-effect apparatus. Details of this work are given in reference (20).
2.2 Experimental Technique
Full details of the automatic Hall-effect apparatus may be 
found in reference (17). Briefly the paper describes a fully automatic 
system for measuring the resistivity and Hall coefficient of semiconductors 
between 5K and 300K.
'The specimen temperature can be stabilised within ± 0.01K for 
the period of measurement at 50 preprogrammed temperatures, and an 
important feature is that the measurements are commenced only when the 
desired thermal stability has been achieved. This permits accurate 
automatic measurements on specimens with strongly temperature dependent
- 8 -
properties. The operations are controlled by hardwired logic and the 
data is handled by a small on-line computer*•
Samples of the van der Pauw 1clover-leaf1 configuration^**) 
were used in the cryostat and for the indium-doped silicon samples ohmic 
contacts were produced by:
1) De-greasing in fuming nitric acid
2) Dip-etching in buffered hydrofluoric acid
3) Evaporating aluminium contacts through a van der Pauw mask
4) Alloying contacts at 475°C in dry nitrogen for 5 minutes
The above procedure gave Si:In samples with good ohmic contacts. Finally, 
samples of the van der Pauw configuration were cut out using an abrasive 
powder under high;pressure.
For radiation-induced defects in n-type silicon a different 
procedure was followed. A sintered gold-antimony back-contact was put 
down on n-type silicon before irradiation to prevent any annealing of the 
radiation-induced defects by processing. The van der Pauw contacts were 
defined from the Au-Sb back-contact and *clover-leaf* samples were cut 
out as before using an abrasive powder under high pressure.
2.3 Hall-effect Modelling
Free-hole concentration versus reciprocal temperature (Hall- 
type) curves were plotted using a computer program which solved the charge- 
balance equation (see section 2.5) for the Si:In system.
The purpose of this section is concerned with the calculations 
to produce Hall-effect curves for overcompensated and undercompensated : 
indium-doped silicon crystals using impurity concentrations that are 
typical for our material. The physical reasons for the form of the Hall- 
effect curves are given as an introduction to the experimental results to 
be presented. In particular it is shown that for highly-doped Si:In 
samples the indium exhaustion region is not reached.
The first set of generated curves ((figure (2)) show a plot for 
an undercompensated Si:In crystal, the effect of the X-level has been 
excluded in this graph. The boron concentration is seen to be in excess 
of the donor (phosphorus) concentration and so 'freeze-out* occurs on the 
boron. Starting from the low temperature end of the curve the hole 
concentration rises with increasing temperature as the boron level empties, 
the slope of this low temperature linear region, if plotted as In pT”3/2 
versus 1/T yields Eg, the boron activation energy. As the temperature is 
increased still further the slope changes as the free-hole concentration
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exceeds Np, the donor concentration, the slope becoming Eg/2. As the 
temperature is further increased the curve levels off as the boron 
exhaustion region $.s entered. In the exhaustion regioh* the free-hole 
concentration indicates Ng - Np, the boron excess concentration. At still 
higher temperatures the activation of the indium becomes important and 
the curve begins to rise again, the activation energy indicated by the 
slope is Ejn /2. The curves are plotted for indium concentrations of 1, 2 
and 4 .I0I7 c m ”  3 and it can be seen that at these high concentrations it 
is not possible to obtain a precise value of the indium concentration 
because even at a temperature of 400K exhaustion of the indium has not 
begun. Going to even higher temperatures does not help; the material 
goes ’intrinsic' before complete exhaustion occurs.
The model does indicate, however, that at lower indium 
concentrations, more of the exhaustion region can be seen before the 
material goes intrinsic and a more precise indium concentration can be 
obtained. However, as low ( 10^ - 10^  cm”^) indium concentrations are 
not required for state-of-the-art detectors, none of our crystals show 
any sign of indium exhaustion.
The next set of curves (figure (3)) were generated for a typical
15 _o
over-compensated crystal with phosphorus excess Np(EXCESS) = x 10 cm • 
The indium concentrations are 1, 2 and 4.10^ cm”l. In this case, since 
freeze-out occurs on the indium itself, the whole curve follows the indium 
activation. At low temperatures the slope indicates an activation energy 
of Ejn (again the X-level has been omitted for clarity) but as the 
temperature increases the slope changes from Ejn to Ejn /2 as the free- 
hole concentration exceeds the excess donor concentration (recall that 
the actual energy-level must be obtained from a plot of pT“3/2 versus 1/T 
to take into account the temperature variation of the valence-band 
effective density-of-states). The (low temperature) slope is Ejn when 
charge-balance is between the compensator and the ionised indium and this 
changes to Epn /2 at higher-temperature when charge-balance occurs between 
the free-holes and the ionised indium (Appendix 3). Note that at 400K 
(10^/T = 2.5) none of the curves show any appreciable degree of exhaustion. 
Finally, as was. seen in the undercompensated example, the material enters 
the intrinsic region before exhaustion occurs.
The next set of curves (figure 4) illustrate the effect of the 
X-level impurity for the undercompensated case. Impurity concentrations 
are given on the graph and it can be seen that even large concentrations 
of the X-level ( ~ l O ^  cm”3) cause only a small perturbation on the
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overall shape of the ^urve. In practice, this means thaty it is very 
difficult to obtain a precise value of the In-X concentration when fitting 
Hall data obtained from undercompensated material. The curves merge at 
higher temperatures where charge-balance is between the free-holes and 
the ionised indium. The curves also merge at lower temperatures when the 
X-level becomes filled with holes and its occupancy remains unchanged 
with decreasing temperature. Again, no significant exhaustion occurs at 
400K and the material goes intrinsic before significant exhaustion occurs.
Figure (5) shows the effect of increasing the X-level concentration 
so much that the Si:In crystal changes from overcompensated to 
undercompensated, that is freeze-out changes from being on the indium to 
occurring on the X-level itself. Impurity concentrations are shown on 
the graph. Boron has been omitted although identical curves are produced 
if boron had been included and the boron concentration dimply added to 
the phosphorus concentration. It is seen that the apparent activation 
energy changes from being essentially indium-like for low X-level 
concentrations to approaching X-level values (0.110 eV) for high X-level 
concentrations. This modification of the low temperature activation 
energy is seen in the experimental Hall data results. For a given indium 
and phosphorus concentration the activation energy at low temperatures is 
dependent on the X-level contamination. At high temperatures the curves 
again merge as the indium becomes the major ionised impurity.
It was interesting to note that for the case of undercompensation 
due to the excess of In-X the overall appearance of the curve was not too 
dissimilar to the overcompensated case, i.e. the curve did not go through 
a fplateau1 region as it had done with the boron. This result prompted 
the generation of the curves seen in figure (6). Here, the crystal is 
undercompensated and the trap concentration in excess of the phosphorus 
is 5. 1014 cm 3. it is seen that for trap concentrations of this magnitude 
the appearance of a plateau is not apparent until - 0.075 eV. Also 
shown in figure (6), for comparison, is the effect of varying the shallower 
trap energy-level in overcompensated material. As can be seen there is 
only a very slight perturbation of the curve.
Figure (7) shows the expected temperature of operation of a 
photodetector with energy-level E^ and indicated hole capture cross- 
section. It must be stressed that a plot of this kind cannot be used 
with the energy-level obtained from the low temperature end of a Hall 
curve to estimate the temperature of operation; figure (8) basically shows
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why this is so. In\his figure the lower curve )has 5.1(^-5 cm-3 x-level 
present and the low temperature activation energy obtained is 0.113 eV 
(where 0.155 eV has been used for the indium). The upper curve was 
produced by omitting the X-level altogether but changing the indium 
activation energy to 0.113 eV. The result is that although the slopes at 
low temperature are the same, the free-hole concentrations are quite 
different. Now the temperature of operation of an infra-red photodetector
occurs at the temperature where PiHERMAL = PBACKGROUND OPTICAL and so 
the upper curve actually indicates a much lower temperature of operation 
(for given Po p t ICAl ) than is actually the case (lower curve). For 
material in which X-level is fully compensated out, the temperature of 
operation is.not significantly reduced.
In conclusion, the Hall-effect modelling provides the following 
interesting results.
1) The indium, at the given concentrations, does not enter the 
exhaustion region even for temperatures well above room-temperature.
This is a consequence of the depth of the centre and its concentration.
Hence the indium concentration will not be readily obtainable from 
experimental data but will have to be obtained by fitting to the data.
2) The concentration and depth of the In-X level ensure that
it does not enter exhaustion before the indium itself is thermally
activated.- This Tmergingf of the indium and In-X levels means that 
behaviour at these temperatures is rather like that of an acceptor-level 
of intermediate character, that is of energy between the indium and In-X 
values. At the higher temperatures, where the In-X centre is fully 
ionised, the behaviour is purely indium-like.
3) The 1break-point* in overcompensated material, which is an
indication of the phosphorus excess concentration, is quite insensitive
to the In-X concentration. That is, from a Hall plot, the break-point
indicates an Np(EXCESS) of Np(T0TAL) “ NB> not Np(T0TAL) “ (NB + % ) •  Again, 
this is a consequence of the 'merging* of the indium and indium-X levels 
which make it appear like a level of intermediate character.
2.4 Experimental Results
2.4.1 Indium-doped Silicon
Although seven Si:In crystals were characterised using the Hall- 
effect only two crystals, D177 and D180, will be considered in detail.
Figure (9) shows both free-hole concentration versus reciprocal 
temperature and Hall mobility versus temperature data for crystal D177.
To properly obtain impurity concentrations from this data it is necessary
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to fit a model which includes the effects of the In-X level. However, 
useful information is still available from the basic data.
The form of the p versus 10^/T curve shows that freeze-out is 
occurring on either the indium or indium-X level. Plotting out the low 
temperature linear region of the curve as In pT”3/2 versus i/t yielded 
an activation energy of 0.153 eV indicating freeze-out on the indium. 
Because the data dpes not enter the indium exhaustion Region at room 
temperature, the indium concentration cannot be ascertained by looking at 
the data, but must be calculated. However, an estimation of the excess 
phosphorus concentration is possible without fitting to a model. The 
slope of the curve is seen to change from approximately Ejn /2 at high 
temperatures to Ejn at low temperature. The position of the break­
point' , that is where the slope changes, is indicative of the excess 
phosphorus concentration as explained in the last section. From the data 
the excess phosphorus concentration is seen to be approximately 10-^ cm”3.
The D177 mobility curve shows a general decrease in mobility 
with increasing temperature primarily due to lattice scattering. It is 
very difficult to extract meaningful data from the mobility curve, mainly 
due to the lack of a good model for the mobility, especially in this case 
of compensated material. However, Linares and Li(21) have produced a 
model for indium-doped silicon and from their results figure (10) was 
plotted showing the expected drift mobility (not the Hall mobility) as a 
function of indium concentration at temperatures of 200K and 100K. The 
measured mobility at 103.78K was 2760 cm^ V”1 which corresponds to an 
indium concentration of ~ 9.5 10^  cm-^. This result should be treated 
cautiously because the theory is for uncompensated material, however it 
will be seen that the concentration obtained by this approach is in very 
good agreement with the C-V data. Finally, the high temperature slope of 
the mobility curve follows a T""2»5 law which is different from the 
theoretical lattice scattering dependence due to other scattering
mechanisms. It is found that for pure material near room temperature 
the mobility varies as T“2*7 for p-type silicon(22).
Figure (11) shows the results of measuring four D180 samples, 
two undercompensated samples from the seed and tang end of the crystal, 
and two NTD overcompensated samples also from the seed and tang ends.
The figure shows quite clearly how the material changes from freezing-out 
on the boron (undercompensation) to freezing-out on the indium (NTD 
material). Considering the undercompensated material data first (square 
and triangular points) a linear low temperature region of shallow slope
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is seen, this is freeze-out occurring on the boron and a In pT~3/2 
versus 1/T plot yields the expected 0.044 eV activation"* energy for boron.
At still higher temperatures both the seed and tang end curves enter a 
'plateau' or exhaustion region where the free-hole concentration indicates 
the excess boron concentration. The boron slope changes from Eg to Eg/2 
at a free-hole concentration equal to the shallpw donor (phosphorus) 
concentration. Finally, at higher temperatures the boron exhaustion 
region runs into the indium activation region, the slope of this high 
temperature linear portion being Ejn /2. Again it is seen that the indium 
exhaustion region is not entered at room temperature.
The NTD data points (circles and crosses) show behaviour very 
similar to the D177 case. The higher free-hole concentration of the tang- 
end material (both undercompensated and NTD) at high temperatures indicates 
a higher indium concentration in the tang-end material. This was confirmed 
by infra-red absorption data, and the mobility data (figure 12). The 
lower mobility exhibited by the tang.end material is indicative of a 
higher indium concentration. For the tang end mobility data the high 
temperature negative slope region is the lattice scattering regime and 
the low temperature positive slope region is the ionised impurity scattering 
regime.
2.4.2 Radiation Centres in n-type Silicon
• Two samples were characterised in this experiment, one selected 
for freeze-out on the 'A' (0.17 eV) centre and the other selected for 
freeze-out on the'K' (0.09 eV) centre. Figure (13) shows the relevant 
impurity centres and their expected activation energies. Both the *A' 
and 'K' centres act as acceptors near the conduction band-edge, hence to 
see just the *A' centre we have material where:
N 'A'CENTRE > NPH0SPH0RUS > NACC
where,
Nac c = concentration of other deeper acceptor-levels 
lying near the conduction band-edge.
The above condition ensures that the *K' centre remains full of holes 
(i.e. its occupancy does not change) and that freeze-out occurs on the 
'A' centre. Note that for the freeze-out to occur on the 'A' centre it 
is necessary to have electrons on the 'A' centre and to have the 'A' 
centre in excess of the phosphorus concentration.
To see the 'K' centre the 'A' centre is compensated out together 
with some of the 'K' centre. Some emptying of the 'A' centre is expected 
at room temperature, but once this has filled (on cooling down), then 
freeze-out on the *K' centre is expected.
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Figure (l4) shows the raw Hall data f<pr sampl^ (A) exhibiting 
only the ’A 1 centre and sample (B) showing the effects of both the1 A 1 and 
*K' centres.
A plot of n T ” ^ / 2  versus 1/T gave an enthalpy of 0.17 eV for the 
lA l centre in sample (A). For sample (B) the ’A 1 centre enthalpy is 
modified by the presence of the shallower fK f centre. Enthalpies of
0.102 eV for the ’A 1 centre and 0.083 eV for the ’K' centre were obtained. 
Unfortunately, data could not be taken to lower temperatures with sample 
(B) because the f a c t o r ^ ^  changed at the lower temperatures, this
could possibly indicate local regions freezing-out in the sample which 
would lead to unreliable data.
2.5 Analysis of Hall-effect Results
In order to obtain the indium and In-X concentrations present 
in the Si:In crystals it was necessary to fit a model to the experimental 
data. Such a model is especially necessary in the case of indium-doped 
silicon because the combination of a high impurity concentration and 
large (0.155 eV) activation energy means the exhaustion region is not 
reached even for temperatures well above 300K. Hence estimation of the 
indium concentration is not a straightforward exercise.
A computer program package was available for the fitting Hall 
data for the case of p-type material with a simple donor present. The 
package would supply the acceptor activation energy and concentration 
together with the donor concentration in excess of levels shallower than 
indium (only applicable to overcompensated material). Unfortunately, 
this package invariably gave poor fits to the data, primarily due to the 
presence of the In-X level. The system was thus analysed using the charge- 
neutrality equation,
r Na.
p  + N  = 4  ---------  — ------------ ... (2.4)
1 + Si e x pQEai - eJ/kfj
where,
p = free-hole concentration (cm”3)
— O
Np = total donor concentration (cm ) 
and where Na, Ea-j[ and g^ are the concentration, activation energy, and 
ground-state degeneracy of the i’th acceptor species, respectively. A 
degeneracy factor of 4 was used for all acceptor species^l). The thermal 
hole concentration, p, was obtained from the measured Hall coefficient,
Rh , using
p = r/RHq ... (2.5)
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where q is the electronic charge and r is the Hall scattering factor 
defined as the ratio of the Hall mobility to the drift mobility, i.e.
r = Hh /^d ••• (2.6)
The Hall factor is unity only for the case of high magnetic fields, our 
magnetic field strength of 0.5T does not approach the high field limit 
and so under the experimental conditions the Hall factor was expected to 
deviate from unity. Analysis of the Hall factor in p-type silicon is 
very complicated because detailed knowledge of the carrier scattering 
processes and valence-band structure is required. An attempt has been 
made to do this(23)> but it does not strictly apply to our material 
because the model is limited to the case of uncompensated material. For 
this analysis, therefore, a Hall scattering factor of unity was assumed. 
Neglecting the Hall factor alters both the magnitude and temperature 
dependence of the carrier concentration from that given by the charge-
balance equation(15).
Bearing the above comments in mind, the Hall data was analysed 
in the way described. Temperature-independent activation energies were 
used and their values are given below:
EIn = 0.155 eV
Ex = 0.110 eV
Eb = EP = 0.044 eV
The valence-band effective density-of-states, Ny, was calculated using the 
temperature-dependent effective mass as given by B a r b e r ( 2 4 ) .
The charge-balance equations were then fitted to the experimental 
data using a least-squares procedure with Np, Nx and Npn as the variable 
parameters.
Figure (15) shows the fit obtained for crystal D177. Figure 
(16) shows the result of fitting to both the seed and tang-end of NTD 
compensated crystal D180. In both cases it can be seen that very good 
fits were obtained.
Table (1) summarises the Hall-effect results for all the crystals 
that were investigated.
The Hall-effect results for the radiation-induced defect material • 
were also successfully fitted using the charge-balance equations, however 
the concentrations obtained were not in good agreement with the measured 
generation rates and known electron doses(^9). This point is considered 
further in the discussion.
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Crystal Over-
Compensation
Indium 
Cone.(cm”3)
X-level 
Cone.(cm“3)
Boron Excess 
Cone.(cm”3)
Phosphorus Excess 
Cone.(cm”3)
D177 / 2.3 1017 1.5 1015 - 2.1 1015
D178 ^ / 1.5 1017 2.7 1015 - 2.6 1015
D180(Seed) X 1.4 1017 2.5 1014 -
D180(Tang) X 2.3 1017 - 1.6 1014 -
NTD,D180(Seed) / 1.4 1017 2.3 1015 - 2.7 1015
NTD,D180(Tang) / 2.5 1017 2.5 1015 - 2.5 1015
D181 X 1.6 1017 - 1.2 1015 -
D182 / 1.4 1017 2.7 1014 - 3.8 1014
VI / 2.0 1017 2.6 1014
-
2.9 1014
TABLE 1
2.6 Determination of Indium Concentration
In section 3.4 infra-red absorption results are used to extract 
the photoionisation cross-section of indium in silicon. Absorption 
measurements made on Si:In substrates gave the absorption coefficient ce(\) 
which is the product of the neutral indium concentration and the indium 
photoionisation cross-section at wavelength X. Because the absorption 
coefficient scales directly with the indium concentration an accurate 
assessment of the indium concentration in a crystal is required for a 
precise evaluation of the photoionisation cross-section. Unfortunately the 
indium concentrations obtained by Hall fitting in the previous section are 
not suitable since it is known that the Hall concentrations of indium in 
silicon, determined by curve-fitting, are typically twice those obtained by
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C-V and junction-breakdown measurements(25)# Note that this problem does 
not arise in the case of the common shallow dopants, such as boron and 
phosphorus, since these are more than 95% ionised at room-temperature for 
concentrations of less than 5.10^ cm”3 and hence their concentrations 
are obtainable directly from the exhaustion region of a Hall plot.
A number of mechanisms have been enumerated suggesting that the 
activation energy of a centre may be a function of its degree of i o n i s a t i o n ^ 6 ,27)} 
so that the use of the activation energy obtained from the low-temperature 
end of a Hall plot may not be appropriate when analysing the high- 
temperature portion of the curve.
For this reason further measurements were made to determine the 
concentration of indium in the crystals. These measurements included C-V 
profiling, chemical analysis and infra-red absorption.
2.6.1 Diode C-V Profiling
Room-temperature C-V p r o f i l i n g ( 2 5 )  was used to assess the indium 
concentration in four substrates. To minimise the loss, or redistribution, 
of indium during fabrication, Schottky-barrier diodes were fabricated 
using titanium as the barrier metal for all but one substrate. For this 
substrate a shallow implanted n+ junction was formed by implanting 
phosphorus through a photoresist mask and activating the implant at 950°C 
in nitrogen. The C-V measurements were made at a frequency of 1 MHz and 
the indium content was obtained from the slope of a plot of l/C^ versus V.
2.6.2 Flameless Atomic Absorption
Flameless (graphite furnace) atomic a b s o r p t i o n ( 2 8 )  w a s  the 
chemical technique used to measure the indium concentration. The procedure 
was as follows. 80 mg of Si:In was dissolved in ml of hydrofluoric 
acid and 2 ml of nitric acid. This solution was then evaporated to 
dryness at ~ 90°C and the residue was re-dissolved in 0.5 ml of nitric 
acid and made up to 10 ml. The evaporation procedure drove off the 
volatile silicon tetrafluoride and left behind the relatively stable 
indium trifluoride. Standard solutions were prepared by following the 
above procedure precisely but using pure silicon and adding a known amount 
of pure indium metal. 5 ml volumes of solution were then injected into 
the graphite tube furnace of an SP9 Atomic Absorption Spectrometer. The 
tube was raised to 105°C to evaporate to dryness, it was then preheated 
to 600°C and then rapidly heated to 2300°C for 3 seconds. An indium lamp 
illuminated the sample space and the absorption of the light was measured. 
Comparison with absorption plots from the standards gave the indium 
concentration. Estimated accuracy was within 5%.
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As an additional check, a silicon substrate ^as ion implanted 
with 1016 cm”2 of indium (accuracy within 10%). The flameless atomic 
absorption technique gave 9.2 10^  cm” 2 for the indium concentration in 
very good agreement with the stated dose.
2.6.3 Infra-red Absorption
Four Si:In substrates were characterised optically using infra­
red absorption.
For this measurement 1 mm and 2 mm thick slices were cut and 
polished and their infra-red transmission as a function of wavelength was 
measured against a reference sample of similar surface texture in a Perkin- 
Elmer Infra-red Spectrophotometer model 580A. Both the reference and 
Si:In sample were cooled to 77K. The theory and experimental detail are 
discussed further in section 3.2.3. However, for this section it is 
sufficient to say that the resulting transmission curve, together with 
the known sample thickness, yields the absorption coefficient a, via
T = ~L e-a(\)x
I. (2.7)o
where,
T = transmission
I = transmitted intensity at wavelength X (W cm“2 s”-*-)
In = incident intensity at wavelength X (W cm“^ s-^)
absorption coefficient (cm”l) 
sample thickness (cm)
o
a
and where a( X) = N°jn ff°];n (?0 the product of the neutral indium 
concentration and the indium photoionisation cross-section at the given 
wavelength. Note that at 77K,
NIn° ” NIn - nD “ NIn * for NIn ^  ND
Given that a °jn (^) is a constant under these similar conditions, 
differences in absorption coefficient at peak are taken to indicate 
differences in indium concentration between samples. Hence from a(\) 
it is possible to extract NIn° if ^°in (^) is known or alternatively 
a°in(X) if N°jn is known.
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Figure (i.7) shows the absorption versus wavelength plots for 
four Si:In crystals. The relative indium concentrations were estimated 
from the peak aWcr^bon values at 4pm.
The results of all the above measurement techniques are given 
in table (2).
2.6.4 Discussion
In measuring the concentration of indium in Si:In crystals 
consistency is seen between the electrical C-V measurements and flameless 
atomic absorption (table 2). Infra-red absorption measurements gave 
relative indium concentrations of the right magnitude. The Hall-effect 
data fitting gave indium concentrations approximately two times larger 
than the other methods, note that this implies a similar discrepancy in 
the compensating impurity concentration obtained by this method. It has 
been suggested that this difference in impurity concentration arises from 
several mechanisms that act to reduce the activation energy at higher
temperatures ^ 6 , 2 9 )  #
The indium concentration may be related to the free-hole 
concentration at high temperatures, where p >> Nj), by
In equation ( 2 . 8 ) ,  Ny, the valence-band effective density-of-states may 
be calculated using the temperature-dependent effective mass as given by 
B a r b e r ( 2 4 ) .  if tfie Hall free-hole concentration (p) is used together 
with the C-V measured Nin value, then Ein may be calculated. The Ein 
value so calculated is naturally shallower than the expected Ein value to 
bring the Hall and C-V data into agreement. The results of this analysis 
performed on four substrates is given in table (3), and the reduction in 
activation energy, AE, was calculated assuming an activation energy of 
0.155 eV for the indium.
The overlapping tails of the coulombic impurity potentials will 
lead to an effective reduction in the energy-gap between the impurity and 
the valence band-edge. A calculation of this effect for screened coulomb 
potentials, as given by equation (2.9) of r e f e r e n c e ^ ) , gave a reduction 
in binding energy of ~ 5 meV which is clearly significantly smaller than 
the values given in table (3). The formulation of ionised impurity 
screening of Neumark yields a reduction in binding energy of ~ 12 mev(29)
1 +
Inp
Nv
exp
In
kT
(2.8)
25
A • D 180 Tang c.r\d 
B : D177 
C: D 182
D.‘ D 180 seed and
20
Wava_Lar\gUn ( jam )
F\g.T1. Ab^orpbon eoe.PP‘\o a n t  vi wo,vaLar\gth  
Por I In  cry^ taLs
** 
Implanted 
n+
p 
d
i
o
d
e
- 36 -
H
H*
05
O
P*O
r t
r t
*5*
fH
HH*
ft)
H
CLH*
OCL
fD
a «h-1 H*oo oo oa O o o a H.H* M /~\ m00 00 H CO —i CDro M CO0 fDfD ■o rtCDOO CL h-J.
H I-1 ro H* to 8rj• • • • • H* S!00 ON On 4>- 00 HH0H* H-1 1-* t-» H* nrjO O O O O H- OH» H» 1-* H* I-1 rt 3,-4 •o •O '-J rt 1H* OO 0 N*^OO
o00 H* 00 VO• • • • < aro 00 4>- 00 M
I-1 1 h-1 H M i-j /->.O O O O o oH» 1—* M I-1 Hi 3ON ON ON H* 1* * * ** H* 00 H* w 0 OQ
HII—*CD> 3 a00 00 I-1 '■J VO O' fD M• • • • • CD H*0•p* o On v£5 to O fD /-n H CD OH H* I-* H» I-1 tO CD 3O O O O O rt 1H M I-1 H I-1 H- >  00ON ON ON ON O rt v
B 1 
H*O
aH0
QoH0M ro I-1 H*I—* oo O On ►0• 1 • • • fD00 On "4 O 0
T
1
a aH H0 0o o O o O• • • • • oON On On ON ■o- 1<3
M M r-» I-* aH• • • • a 000 oo H0 QI—1 1 H* I-1 H* OO • Q o o V TJ1 1 1 l fDM r—1 H* < 0ON ON ON ON 7*
- 37 -
Crystal
p(cm”3) 
Hall Data Temperature(K)
Nln (cm~3)
C-V Data
EIn<eV>
Calculated
AE(meV)
Calculated
D177 3.2 1016 273.6 9.3 1016 .129 26
D180(Seed) 3.5 1016 297.2 8.4 1016 .133 22
D180(Tang) 5.3 1016 308.0 1.3 1017 .130 25
D181 4.0 1016 ‘ 306.6 - ~
”
D182 3.7 1016 308.6 8.2.1016 .134 1
i i
i i 
01 !
!
i■ ' i
Table 3
which is also smaller than is required to explain the results. It would 
appear that additional mechanisms must be present, such as those discussed 
by Lee and McGill^2**) which lead to a modification of the effective 
density-of’-states in the band. These contributions, together with the 
coulombic tail effect mentioned above, have been shown by Lee and McGill^2**) 
to adequately describe the published Hall data of Swartz^3)), although 
there was not the additional constraint in that work of fitting to an 
independently determined impurity concentration.
There is a further possibility concerning the disagreement 
between Hall-effect and C-V measurements which requires a precise 
understanding of the term ’energy-level1. A more detailed discussion is 
given in Appendix (2), however it is believed(31>32,33) that the ’activation1 
energy used in the relation between the thermal emission rate and the 
capture cross-section is a Gibbs free energy, and the energy-charge on 
emitting an electron or hole into the band is the change in Gibbs free- 
energy, AG, where,
AG = AH - TAS
AH = change in enthalpy (J) 
AS = change in entropy (J)
(2.9)
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Now, the Gibbs free-fenergy usually appears in the equations as,
AG = AH—  AS
kT kT k
(2.10)
and an ’energy-level1 is extracted, in the case of a Hall-effect experiment,
revealed about the change in entropy AS. The entropy itself is made up
and ASe l e q 'tr on ic °ften appears in the charge-balance equations not in 
the exponential but as the pre-exponential factor g, that is the ground-
exponential and AS is then just ASyxBRATIONAL* Now ASVIBRATIONAL 
is not zero then for the Hall fitting analysis the ’energy-level1 that is 
put into the charge-balance equations (the enthalpy) is too large and the 
impurity concentration is overestimated. Also; without knowing the 
compensation and impurity concentration before a Hall experiment is 
performed, the entropy change cannot be found, and of course lengthy Hall- 
effect experiments are not usually carried out on material that has 
already been characterised. The above discusses the possibility if the 
vibrational entropy change is non-zero. Another possibility is that the 
Gibbs free-energy is found to be temperature-independent over the 
temperature range of interest. This might appear to solve all problems 
because now (since the total entropy change is zero) the Gibbs free-energy 
and the enthalpy have the same value and the ehthalpy may be found from a 
Hall-effect experiment. Unfortunately, the situation is not quite that 
simple. Recall that equation (2.8) gave the indium concentration as,
using an Arrhenius plot of loge (carrier concentration x T”3/2) versus 
1/T. This process is seen to extract the change in enthalpy, nothing is
o f  t w o  c o m p o n e n t s ( 3 4 ) s
AS = a s VIBRATIOn a l + asELECTRONIC (2.11)
state degeneracy factor. If g is known then it may be written in the pre-
Nt = p 1 + 
In r
J
for p »  Np. Now if the Gibbs free-energy is temperature independent it _is 
correct to use the (Hall-obtained) enthalpy va|.ue for E m ,  but in this 
case g m  must be unity! The problem arises because the charge-balance
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equations have a degeneracy factor in the pre-exponential and therefore 
the exponent is not the ’true1 Gibbs free-energy but a ’modified1 Gibbs 
free-energy with the electronic entropy change removed.
The actqal magnitude of the vibrational entrppy change for hole 
emission from the indium centre has not been ascertained, however it is 
of some interest to note that if a degeneracy factor (gin) of unity is 
used in the Hall analysis together with the optically determined enthalpy, 
the discrepancy between Hall and C-V measurements largely disappears.
Finally, a word about the radiation induced defect material.
The main object of this exercise was to confirm the existence of a level 
~ 0.09 eV from the conduction band-edge, which was done. Fitting was 
achieved using the charge-balance equations but the concentrations 
estimated did not agree with the production rates and known doses measured 
earlier(19). Simple counting implied a degeneracy factor of i would 
apply to the ’A ’ and *K* centres whereas a degeneracy factor of i gave 
better agreement with the earlier (C-V) measurements. Again it seems 
that Hall-effect and C-V data are in disagreement and it would seem that 
mechanisms such as those given in this discussion need to be invoked.
3. JUNCTION SPACE-CHARGE TECHNIQUES AND INFRA-RED ABSORPTION
3.1 Introduction
This chapter is primarily concerned with the measurement of 
photoionisation cross-section as a function of photon energy. Two methods 
of making this measurement, transient photocapacitance on diode structures 
and absorption measurements on bulk-doped material, will be described. 
Although the main interest is with the photoionisation cross-section, the 
diodes allow thermal emission measurements(35), deep-level transient 
spectroscopy (DLTS)^^), and C-V m e a s u r e m e n t s (37) to be performed; hence 
the title of this chapter.
In the course of this work seven different materials were 
studied, these were, indium-doped silicon (Sitin), thallium-doped silicon 
(SitTl), tellurium-doped silicon (SitTe), selenium-dope^ silicon (SitSe), 
platinum-doped silicon (SitPt) and radiation-induced defect centres in p 
and n-type silicon. Schottky-barrier diodes or MOS g a t e d - d i o d e ( 3 8 )  
structures were used for the junction space-charge measurements.
Thermal emission plots are not given in those cases where they 
are adequately covered in the literature, in which case the references 
are given. The photoionisation cross-section measurements are presented 
for all the centres given above, together with the results of other 
workers, if available.
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The photoionisation cross-section is a very important physical 
parameter when considering the suitability of a particular centre for 
detector applications. The likelihood of a photon being absorbed by an 
impurity atom depends^ on the photoionisation crohs-section o°rp(\) 
and the concentration of impurity atoms from which a carrier may be 
photoionised. The product of these two quantities is the absorption 
coefficient a(\),
a(\) = a°T (\)NT ... (3.1)
The absorption coefficient and detector thickness together give the 
quantum efficiency, T). The quantum efficiency is the ratio of the 
photon flux absorbed within the detector to the incident photon flux and 
in the most general case is given by(^),
T) =(l-R1)(l-e“al)(l+R2e”al)/(l-R1R2e'"2al) ... (3.2)
where,
Rl = front surface reflectivity 
R2 = bottom surface reflectivity 
1 = detector thickness (cm)
knowing T) the figure-of-merit D* can be calculated. D* gives the area 
normalised signal-to-noise ratio in unit bandwidth for a detector and is 
given by(15),
D*BLIP 2hc
I
(3.3)
D*b l i p = background-limited D* value (cm W-^ Hx^)
—2 —1
4>b = background photon flux (cm s )
Equations (3.1) to (3.3) show that for a detector of given dimensions, 
provided the impurity concentration is known, the photoionisation cross- 
section yields a useful parameter describing detector performance.
In addition, if thermal emission measurements have been made, 
then the temperature of operation of a background-limited device (that is 
a device whose major noise source is due to the incident background photon 
flux, <J>g) may be found. The BLIP temperature occurs at that temperature
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where the thermal emission and optical generation rates dre equal, i.e. where,
ep,n = a°^B ••• (3.A)
where,
e_ = thermal emission rate (s-^) determined from thermal emission p. ,n
measurements.
—16 2A large value of the photoionisation cross-section ( > 10 cm ) 
is desirable for high-performance infra-red detectors, not only does it 
offer a higher temperature of operation for a given capture cross-section 
(Appendix 1 and equation (3.4), but also, as shown above, higher 
detectivities are obtainable for a given impurity concentration. It 
might appear that this would also be achieved by making the detector 
sufficiently thick, however there is a limit to this possibility in
extrinsic detectors because photoionised carriers generated beyond the
drift length 1^, where,
Id = Ud E* (3.5)
where,
Pp = drift mobility (cm^ s”^)
E = electric field intensity (VcnT^)
t  = lifetime (s)
recombine before being collected. Also, if the material is sufficiently 
absorbing photons will not penetrate far into it, this will lead to high 
resistance regions in the bulk of the material which will cause problems 
for longitudinal detectors(39,40). Longitudinal detectors have current 
flow parallel to the incident photon direction. It might also appear 
that sufficiently high concentrations of the photoactive impurity might 
compensate for a low value of the photoionisation cross-section. Within 
limits this is a possibility but the concentration must be kept below the 
value at which hopping and impurity-.band conduction occur otherwise excess- 
noise sources are introduced into the detector.
Finally, since the spectral response of an extrinsic silicon 
detector is governed by the variation of the impurity’s photoionisation
cross-section with wavelength, it is obviously advantageous to have an 
impurity whose spectral response is well-matched to the waveband of 
interest.
3.2 Experimental Details
3.2.1 Diode Fabrication
Si:In and Si:Tl Diodes
Indium and thallium were introduced into MOS gated n+p diodes(38)#
Doses of 5.1()H cm”2 were implanted at 170 keV into the surface of 7-10 Qcm
p-type (< 100 >) silicon substrates with the n+ regions masked
against the implant^^). Following implantation the surface was oxidised
in wet oxygen at 1000°C to produce an oxide 1200A thick. The sample
fabrication was concluded with a low temperature anneal in wet nitrogen(^2)
to remove fast surface states, and an aluminium pattern was photolithographically
defined upon the slices.
Si:Pt Diodes
MOS gated p+n diodes were fabricated(^3) in which the diode 
diffusions were shallow (3-4 pm) and were carried out through 1 mm 
diameter holes in a masking oxide. Platinum was then diffused from a 
sputter-deposited film obtained from a 99.99% platinum target. Drive-in 
diffusions were carried out in dry nitrogen over the temperature range 
750-850°C, with diffusion times ranging from 4 to 16 hours. The low 
diffusion temperatures were used to avoid overcompensating the substrates 
which were nominally doped to 1 0 ^  cm”3. After the heat treatments the 
contact windows and metallisation patterns were defined and samples were 
given a low-temperature heat treatment in forming gas to remove states at 
the silicon/silicon dioxide interface. Finally, approximately 10 pm 
was etched from the backs of the slices to remove the metallic alloy 
region and an ohmic contact was formed using alloyed gold/antimony.
Because platinum is a fast diffuser in silicon, the substrates 
were effectively doped throughout with platinum and in making the 
measurements the p+ diffusion (not the gate) was used.
Si:Se and Si:Te Diodes
The starting material in both cases was 9-15 Qcm n-type (<111>) 
silicon. The chalcogenide (Se or Te) was implanted at 170 keV to give a 
sheet concentration of 1 0 ^  cm""2. Annealing was at 1200° C for 16 hr s. in 
oxygen which caused the tellurium to diffuse ~ 20-30 pm and the selenium 
to diffuse ~ 100-120 pm. Schottky-barrier diodes were made using 
sintered aluminium.
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Radiation-induced Defects, n-type Material
The starting material was < 111 > 60 Qcm float-zoned silicon 
(n-type). Sintered aluminium Schottky-barrier diodes were put down before 
the irradiation. The samples were irradiated with electrons to a dose of 
1.13 Mrad.
Radiation-induced Defects, p-type Material
The starting material was < 100 >, 66-123 Q cm float-zoned 
silicon (p-type). The irradiation was carried out with 12 MeV electrons 
at a dose of 5 Mrad. Schottky-barriers were formed using cold titanium 
evaporation.
3.2.2 Junction Space-charge Measurements
Deep-level transient spectroscopy (DLTS)^^\ thermal emission 
measurements(35)t amj c-v measurements(37) are sufficiently well-known 
and well-covered in the literature for the experimental details given 
here to be brief. However, the transient photocapacitance technique used 
for extracting photoionisation c r o s s - s e c t i o n s (^4) is not as generally 
well-known and will be discussed in greater detail.
All measurements (with the exception of simple C-V measurements) 
were made in an Oxford Instruments CF104 cryostat shown schematically in 
figure (18). This is a continuous-flow cryostat that can cool samples 
down to liquid helium temperatures. Ports are available for the admission 
of light.
Samples used in the diode measurements had strips of three 
diodes mounted as in figure (19). The central diode, with the back- 
contact removed, was placed over a hole drilled in a standard T08 header. 
The outer regions provided the back-contact (thermal and electrical) to 
the header and were fixed to it with silver-loaded epoxy. Ultrasonic 
bonding was used to make the substrate and diode connections to the header.
Thermal emission measurements were made with the diodes in the 
dark at a number of fixed temperatures with a temperature stability of 
better than ± 0.1K. Sample temperature was given by a calibrated (CCR721) 
27Q rhodium-iron resistance thermometer^^) and the temperature controlled 
using an Oxford Instruments cryogenic linear temperature sensor (CLTS). 
Measurements were made at constant capacitance^^) so the parameter 
measured was the control voltage applied to the diode. The voltage 
transient was analysed with an on-line computer which then supplied the 
time constant for thermal emission obtained by least-squares fitting an 
exponential curve to the transient. Transients resulting from the sum of 
two exponentials were recorded on a Bryans model 28000 X-T recorder and
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the two exponentials were extracted from the trace by plotting loge AV
against time which w^s an effective technique if the transient time
constants were well separated.
To check the effectiveness of the thermal mounting of the three 
diodes, thermal emission measurements were also made on single diodes 
which were mounted in good thermal contact with the smaller T05 type header. 
These measurements agreed precisely with those carried out on the larger 
T08 headers and so confirmed that the rhodium-iron thermometer (embedded 
in the sample block) was indicating the true sample temperature of the
central diode in the strip of three diodes.
Capacitance-voltage (C-V) measurements were made with the T08 
header held in a simple holder which could be fully immersed in liquid 
nitrogen. Measurements were made at room-temperature and 77K’. A low 
frequency diode sweep bias was provided by a Wavetek model 133 LF trigger 
generator and capacitance was measured with a Boonton capacitance meter 
model 72B. The C-V curves were plotted on a Bryans 26700 High-speed A4 
single pen X-Y recorder. The C-V measurements themselves were primarily 
for initial screening of the diodes to be used in the optical measurements. 
Also, as part of this initial screening the diode forward and reverse 
characteristics were measured on a Tektronix 577 curve-tracer.
DLTS measurements at constant capacitance were made with the 
diode mounted in the CF104 cryostat. Temperature sweep was afforded by 
applying very low power to the heater element located on the heat exchanger.
For transient photocapacitance measurements a cryostat port was 
used to allow infra-red radiation to impinge on the central diode (back- 
surface illumination). For wavelengths greater than 8 pm a KRS-5 
cryostat window was used and for wavelengths from 2 pm to 8 pm calcium 
fluoride (CaF2) was used. An external blocking filter of germanium (to 
cut out visible radiation) was used which passed wavelengths greater than 
1.74 pm. The incident radiation was made monochromatic either by 
filters (Grubb Parsons, 10% B.W.) which could be placed on the sample 
block and cooled, or by a filter-wheel (Optical Coatings Laboratory Inc.
OCLI) which was placed between the radiation source and the cryostat.
The filter-wheel used an interference-type infra-red filter with a range 
from 2.75 pm to 16 pm (continuously variable). The passband of 
radiation incident on the sample from the filter-wheel was defined by the 
field-of-view of the sample, thus a narrow field-of-view allowed the 
sample to see only a small area of filter, and gave good spectral resolution 
but with low flux intensity. Either rectangular slits (for the filter-wheel)
or circular apertures3 (for the individual filters) wereJnounted on the 
sample block, in front of the sample, to define its field-of-view.
The radiation source was a ceramic core mounted in a quartz 
tube which was heated by resistance windings. The core had cylindrical- 
conical geometry and was constructed along the lines of a black-body 
oven. The core assembly was mounted in a water-cooled brass container so 
that the only substantial source of infra-red radiation coming from the 
oven was from the core itself. Temperature control of the core was via a 
three-term temperature controller which allowed control to within IK up 
to its maximum operating temperature of ~ HOOK. The temperature control 
sensor was a Pt/Ptl3% Rh thermocouple and the core temperature was measured 
by placing a Pt/Ptl3% Rh thermocouple in the core. The black-body oven 
is shown schematically in figure (20). The calculated emissivity of the 
core was better than 0.97.
The power density (W cm”2) incident on the sample could be 
measured either with a Rank-Hilger FT17 thermopopile or an RK-5100 
pyroelectric radiometer (Laser Precision Corp.) with an RKP-545 detector 
head. In either case an attachment was made to fit on the detectors 
which was geometrically identical to the sample surroundings and which 
allowed the filters and apertures that were mounted in the cryostat to be 
put in the same position in front of the detector. In this fashion the 
power density incident on the sample could be measured by substituting 
the detector for the cryostat. The flux intensity (photon cm”2 s“l) in 
the sample could then be calculated from the detector reading when taking 
into account external and multiple internal reflections at the sample 
(Appendix 4).
Figure (21) aids the explanation of the transient photocapacitance 
procedure. Consider the diode at low temperature with the impurity 
centres empty and with a suitable reverse-bias on the sample to produce a 
space charge region in the silicon, [in the case of an MOS gated-diode 
where the gate is being used in the measurement, the diffusion is reverse- 
biased to prevent inversion of the silicon surface beneath the gate and a 
suitable bias on the gate forms a depletion-region below the gate.
Provided that the depletion region extends through part (or all) of the 
implanted impurity the experimental details are as given for the simple 
Schottky or diffused diode]. The diode forms part of a constant- 
capacitance loop so that the applied bias always gives a constant 
capacitance value. If the diode is now short-circuited at low temperature 
the centres will be filled with majority carriers. If the reverse bias is
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now re-applied to the sample thus re-establishing a spAce-charge region, 
the centres will hold onto the majority carriers until external radiation 
is applied (it is assumed that the temperature is so low that thermal 
emission processes are negligible). Admission of ionising radiation will 
now cause the traps to empty and to maintain constant-capacitance the 
applied bias increases exponentially. The process is most easily followed 
in the voltage-time plot of figure (22). At point !lf the diode was 
sitting in the constant capacitance loop with the centres empty. At 
point !2! the diode was short-circuited and at point '3* the short-circuit 
was removed and the diode re-entered the constant capacitance loop. The 
magnitude of AV indicates the number of centres filled during the short- 
circuit period. If external ionising radiation is now incident (either 
background 300K radiation or the radiation source) the centres start to 
photoemit majority carriers and the applied bias increases exponentially 
until the traps are again empty. The time constant extracted from the 
exponential voltage transient by the on-line computer is noted, and for 
the case of no radiation source incident this is the background time- 
constant, t BACK* If same process is repeated but this time with 
the radiation source emitting ionising radiation of wavelength \ incident 
then another (faster) time constant, is obtained. Reciprocal
subtraction then gives the optical time constant, t q pT* whidh is the 
time constant due to optical emission by the incident radiation of 
wavelength \ only. We may thus write,
1 = 1 _ 1 ... (3.6)
^OPT TMEAS TBACK
Obviously if the background time-constant is sufficiently long with 
respect to tmeas, then T0pT * TMEAS•
The photoionisation cross-section is then simply extracted from 
the measured optical time-constant via,
where,
® (A)
SAMPLE
a°(X) =
$ (X) ^o p t ••• (3.7)
SAMPLE
= photon flux in the sample at wavelength \(cm-^ s~I)
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t (s)
Exponential voltage 
transient, light incident
No light
F i g . 2 2
3*2.3 Absorption Measurements
If suitable samples are available, that is bulk-doped material 
with an easily measurable absorption coefficient, then in practice the 
absorption measurement is a much simpler technique for extracting the 
photoionisation cross-section. In addition, the absorption measurements 
are field-free measurements, hence barrier height lowering (Poole-Frenkel) 
effects are absent which may otherwise distort the photoionisation cross- 
section curve by giving optical response at wavelengths beyond cut-off.
In contrast to this field-free technique the photocapacitance measurement 
is usually made in fields of ~ 10^ V cm'”1(41) an(j as the field reduces 
only as the square root of the applied bias, the transient photocapacitance 
measurement is in general a high-field measurement. A drawback for the 
absorption measurement is that the sensitivity is less than for the 
junction technique.
For absorption measurements, polished 1 mm or 2 mm thick samples 
were placed in a Perkin-Elmer model 580A Infra-red Spectrophotometer. 
Undoped material of similar origin (i.e. float-zone or Czochralski) and 
of the same thickness and surface texture was placed in the reference 
beam to reduce, or remove, absorption peaks not due to the major dopant 
of interest.
A scan measurement was made from 2.5 pm to 10.0 pm at 77K 
and the absolute transmission of the sample was automatically plotted 
out. Equation (2.7) gave for the simple case of no internal or external 
reflections,
T = JL e“ax 
Io
The absorption coefficient a can thus be extracted from the transmission 
plot and if the number of absorbing centres is known then the absolute 
value of the photoionisation cross-section as a function of wavelength 
can be easily computed (a(\) = a°(\)N.p).
For the case of surface and multiple internal reflections the 
equations are more cumbersome but Appendix (4) shows that for the Si:In 
samples a maximum error of ~ 10% results from using the simpler equation.
The photoionisation cross-section measured in the above way is 
automatically normalised with respect to the number of incident photons, 
i.e. it is a cross-section per photon. If, on the other hand, responsivity 
(A W”1) as a function of wavelength is analysed to give a relative 
photoionisation cross-section spectrum then since the responsivity is
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a power measurement it would be necessary to convert the result, which is
normalised with respect to the incident power, to a cross-section normalised
with respect to the number of incident photons.
3.3 Theoretical Models for the Photoionisation Cross-section
The theoretical basis for a description of the photoionisation
cross-section, o°(E), is Fermi’s Golden Rule in the dipole a p p r o x i m a t i o n ^ ^ )
where,
a°(E) a t 
P f
* > 2 pf [Ep - E T) ... (3.8)
where,
(J>i = impurity ground-state wavefunction
4>f = final-states wavefunction in the band continuum 
Pf(Ep-Ep) = density of final states at the energy in the
band to which the transition takes place.
Ep = photon energy
E^ = trap photoionisation threshold energy
It is clear from equation (3.8) that the magnitude and spectral 
dependence of the optical transition probability greatly depends on the 
choice of (|>f, cj;-^, and pf(Ep-Ep). The literature abounds in models 
for the photoionisation cross-section and theories vary or differ according 
to the choice of the above quantities.
The experimental results to be presented will be compared with 
two functional forms one of which is the Lucovsky(^7) formulation, and 
the other of which is of the Ridley^®) or Inkson(^9) form. Figure (23) 
shows the relative spectral dependence of the photoionisation cross- 
section for the four models given by Inkson (which include the Lucovsky 
and Ridley forms) as a function of the normalised energy, x, where,
x = e PHOTOn /eTRAP ••• (3.9)
Curve (1) for example has the spectral dependence of the Lucovsky (or 
quantum-defect) model. L u c o v s k y ( ^ 7 )  gives for the energy dependence of 
the photoionisation cross-section,
2 A  - et)3/2O N 1
a (E ) = -  
P n
■EEFF
E
o
16fre h i T^ l p TJ ... (3 .10)
3m*c E 3
2 3
NormaLisc-d phobon anargy (x)
Fig .23. RczLative spGLCtraL do-panda-ncc. oP Pour 
m odaLs For bha. phoboionisobion cro^s-SGLcbJton,
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where,
n = index of refraction 
Egpp/EQ = effective field ratio^®)
The Lucovsky model therefore has the energy-dependence,
i „  ^3/2
o r „  i e t  (E p ' e t )
° IE) a -------- ^-3-----  ... (3.11)
p E
P
a (x - 1)3/2 ... (3.12)
3x
in terms of the normalised energy x.
The four forms given in figure (23) are discussed by Inkson^^) 
and they depend on the basic properties of the impurity state and the 
type of transition involved. The form of curve (2) is the same as that 
discussed by Ridley(^) in his billiard-ball model. Curves (1), (3) and 
(4) are seen to have a maximum, this occurs at x = 2 for curves (1) and 
(3), and at x =1.33 for curve (4).
In the experimental results that follow only the functional 
forms of the model curves are considered, not their absolute magnitude.
The curves superimposed on the experimental data thus indicate the goodness- 
of-fit of the spectral dependence of the model only, not the actual value 
of the photoionisation cross-section itself.
3.4 Results
3.4.1 Platinum-doped Silicon (SirPt)
DLTS and thermal emission measurements for Si:Pt diodes (p+n 
and n+p) of the type used in the optical measurements are fully described 
in reference (43).
The optical transition of interest is the emission of an electron 
from the deep platinum acceptor-level to the conduction band, i.e. Si:Pt 
is a 1 counterdopant' material^®). Si:Pt diodes have been investigated by 
other workers^^) using the transient photocapacitance technique.
Figure (24) shows the results of measuring the photoionisation 
cross-section for electron emission from the platinum acceptor-level 
(denoted crni in the figure). Measurements were made with a cooled 
filter, with uncooled filters and with the filter-wheel, also uncooled.
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The three sets of measurements are seen to be in very good agreement with
• 1
one another and also indicate the insensitivity of the photoionisation 
cross-section with the incident flux intensity since the filters allow at 
least an order of magnitude more flux to fall on the sample than the 
filter-wheel. The good agreement of the cooled-filter point indicates 
that the higher background fluxes incident with the other two systems has 
been correctly accounted for by reciprocal subtraction. An optical cut­
off (E-p) of 0.25 eV is indicated in precise agreement with reference 
(44). The photoionisation cross-section was also found to be insensitive 
to the applied field. Measurements were made with applied biases ranging 
from 1 volt to 9 volts which implies a factor of three change in the 
applied field, the optical time constant did not change however. Although 
the optical emission rate was field independent, there was a weak field 
dependence of the thermal emission rate(43) noted for the same range of 
fields (approximately 1-3.10^ V cm--^ ).
The results are also seen (fig. 24) to be in very good agreement 
with those of Braun and Grimmeiss(^)• A slight difference in the absolute 
magnitude is noted but the spectral distributions are very similar. Also 
shown for comparison are the spectral functions (x-l)3/2/Xj which I shall 
call the Ridley ’billiard-ball' model, and the function (x-l)^/^/x3 j 
which I shall call a Lucovsky fit. The ’billiard-ball’ (BB) model is 
seen to agree very well indeed with the measured spectral distribution 
but the absence of a maximum at twice the cut-off energy necessarily 
means that the Lucovsky fit is poor.
An estimate of the temperature of operation of a Si:Pt detector 
can be made by substitution of the measured values into equation (3.4),
en = *B ^ p t
The incident photon flux intensity will depend on both the field-of-view 
and the filter system but an order of magnitude estimate lies between 
1C)14 and 10^5 photon cm~2 s”l. The photoionisation cross-section (in the 
3-5 pm band) may be taken as ~ 10“^  cm^, hence emission rate constants 
of ~ 10“ ^ - lo“2 S-1 are required. Emission time constant data for a 
Si:Pt p+n diode is given in figure (25) from which operating temperatures 
of 82K and 88K are found for the above background fluxes. Note that both 
single diode T05 header data and data obtained from the strip of three 
diodes on a T08 header both lie on the line shown in figure (25).
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Absorption measurements were made on two Si:Pt slices. In both 
cases the absorption traces were flat, i.e. there did not appear to be 
any absorption due to the platinum itself. However, an upper limit for 
the photoionisation cross-section can be estimated assuming a platinum 
related absorption of ~ 1%. For one slice of thickness 222 pm and 
estimated doping Npt - 1.7 x 1 0 ^  cm"“^  an upper limit of o°Pt < 5.4.10~^ cm^ 
was calculated. Similarly, for the second slice of thickness 174 pm and 
estimated doping Npt - 1.2 1 0 ^  cm-^ the upper limit is o°Pt < 4.8 x 10-^  cm^. 
Note that the calculated cross-sections are upper limits and may be substantially 
smaller than the values given.
From the above results there is seen to be a very serious 
discrepancy between values measured by the transient photocapacitance 
technique and the estimate based on absorption experiments.
3.4.2 Indium-doped Silicon (Si:In)
A constant-capacitance DLTS spectrum made on an indium-doped 
silicon gated-diode used in the optical experiments is shown in figure 
(26). The spectrum displays three peaks labelled A, B and C from the 
high temperature end of the plot. Peak C was due to the indium and was 
not observed in the control sample. Peak B was believed to be associated 
with gold contamination and was also observed in the control sample and 
in the spectrum obtained from the n+p diode which principally detects 
impurities in the space-charge region beneath the n+ diffusion. Peak A 
was not observed in the n**p diode spectrum and was clearly a surface 
effect. A peak similar to A was observed in the control sample.
Thermal emission measurements showed that the emission rate 
was a strong function of the electric-field. This result is in agreement 
with reference (51) where it is shown that the electric-field dependence 
follows the classical P o o l e - F r e n k e l ( 5 2 )  prediction which is to be expected 
for coulombic centres. In that r e f e r e n c e ^ - O  the DLTS traces were 
produced from Czochralski-grown indium-doped silicon and showed three 
traps (In-X, HI, H2) that were not present in the gated-diodes where 
the indium had been introduced by ion implantation. Figure ( 2 7 )  
illustrates the strong dependence of the thermal emission time constant 
with applied gate voltage (field). Measurements were made at two 
temperatures and the larger negative short-circuit voltages allowed 
more of the implanted indium to be filled.
The results of measuring the photoionisation cross-section as 
a function of photon energy using the transient photocapacitance 
technique are given in figure (28). The optical transition that was
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probed was hole emission from the indium acceptor-level to the valence-
band. Measurements were made using cooled-filters because the background
photon flux introduced by room-temperature filters (or the filter-wheel)
was sufficient to empty the indium centres in approximately one second.
It would have been possible to have made the measurement with a fast C-
V system but this would have led to larger measurement errors and would ;
also have made the experiment more difficult. The spectral dependence
of the photoionisation cross-section exhibits a maximum at approximately
4 pm (0.31 eV) and there is also possibly a slight field-dependence
of the photoionisation cross-section. However, it is seen that if the
photoionisation cross-section is a field-dependent quantity then its
dependence is far less than that shown by the thermal emission rate
measurements. If the photoionisation cross-section followed the same
dependence with field as the thermal emission rate then changing the
gate voltage from 2V to 8V would have changed the apparent photoionisation
cross-section by an order of magnitude. In figure (28) the measurements
were made over this range of bias values and it can be seen that the
effect on the magnitude of the photoionisation cross-section is very small.
Figure (28) also shows that the spectral sensitivity of the diode
extends beyond the expected 0.156 eV cut-off(53)# this too is almost
certainly due to the large field-effects that occur with the indium
centre. A Lucovsky plot is included for comparison and it is interesting
to see that the maximum in the experimental data occurs at the value
predicted by the Lucovsky model using a trap energy, E-p, of 0.156 eV
although the sensitivity of the diode extends beyond this value.
Finally, the absolute value of the photoionisation cross- 
section is seen to be 2.10"^-^ cm^ at 0.31 eV, which is two orders of 
magnitude larger than that measured for Si:Pt.
Figure (29) shows the absolute value of the photoionisation 
cross-section as a function of photon energy as measured by the absorption 
technique. This figure was produced using the absorption data shown in 
figure (17) together with the indium concentration values as given by 
the C-V measurements (table 2). Note that in figure (29) the cross- 
section axis is linear. A maximum in the photoionisation cross-section 
at 4 pm is again seen and a Lucovsky plot is included for comparison. 
Bearing in mind that the cross-section axis is linear, then the Lucovsky 
model is seen to agree very well with the experimental data over this 
limited range. The absolute magnitude of the photoionisation cross- 
section, as measured by absorption, is seen to disagree with the transient
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photocapacitance result, as it did in the case pf Si:Pt. The discrepancy
amounts to at least an order of magnitude for Si:In.
Photocapacitance measurements made on Si:In diodes have not 
been published by other workers, however, absorption measurements on 
Si:In have been made by Burstein et al(54) and by Messenger and 
Blakemore^*^. Burstein et al inferred the indium concentration (Npn ) 
from the free-hole density measured at 300K. and their data implies
_ — 1 f i  9  -
o jn = 2  x 10 cm in very good agreement with our absorption 
measurements. It is not clear however how Nin was 'inferred1 from the 
free-hole density. Messenger and Blakemore(55) on the other hand 
obtained a value of 3.3 x 10""^ cm^ for a °xn > but their method of 
obtaining N^n has been clearly given. A degeneracy factor of 6 was 
used in interpreting Hall-effect data. If the degeneracy factor is 
corrected to 4 and the estimated indium concentration is reduced by a 
factor of 2 (results, chapter 2), then a re-interpreted value of 
~ 1.0.10“16 cm^ is obtained for a °jn « This value is in much better 
agreement with the results shown in figure (29).
The temperature of operation of a Si:In detector is not easily
obtained by equating optical and thermal emission rates because of the
effect of field on thermal emission rate. However, the formulation
given in Appendix 1 allows an estimate to be made. If the absorption
value of the photoionisation cross-section is used together with a hole
capture cross-section, Op, of ~ 10” ^  c m ^ " ^  and a g of 4 then for
typical 3-5 pm background fluxes the background-limited temperature
of operation is expected to lie between 60K and 70K. This result is
also obtainable from figure (7) which is a plot of equation (3), Appendix
—13 91, if it is assumed that Op« 10 cm •
3.4.3 Thallium-doped Silicon (Si:Tl)
DLTS and thermal emission measurements for Si:Tl diodes of 
the type used in the optical measurements are fully described in 
reference (41).
Figure (30) shows the. DLTS spectrum obtained from a gated- 
diode used in the optical measurements. The main peak was due to 
thallium and was absent in the control samples. As might be expected 
thallium(4-0 behaved similarly to indium(51) in that the thermal emission 
showed strong field-effects that could be accounted for by P o o l e - F r e n k e l ( 5 2 )  
barrier-height lowering.
The results of measuring the photoionisation cross-section as 
a function of photon energy are given in figure (31). The optical transition
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being probed was that due to hole emission froci the thallium acceptor- 
level to the valence-band. Measurements were made with cooled-filters 
with the sample at low temperature (~ 40K), and with the filter-wheel 
with the sample at ~ 80K. The data taken using the filter-wheel was at 
higher resolution than the filter measurements and shows 'ripples' in 
the cross-section, the origin of which are not understood. The data 
obtained using filters indicates a maximum occurring at ~ 0.5 eV, but 
the filter-wheel data does not extend to high enough energies to confirm 
this trend. Thallium may be expected to behave similarly to indium in 
which case the appearance of a maximum is not unreasonable. For 
comparison the 'billiard-ball' and Lucovsky models are given, both 
models are normalised with respect to the filter data. It should be 
noted that these models are only meant to be considered near threshold, 
and in this region the billiard-ball model is seen to give a reasonably 
good fit. In the figure, E° shows the indicated optical threshold and 
Erj, is the thermal activation energy from reference (41). E° was used 
in the billiard-ball fit. The Lucovsky model, using the same E° value, 
is seen to give a poor fit to the experimental data near threshold 
compared to the billiard-ball model. The peak photoionisation cross- 
section has a value of ~ 4.8.10“^^ cm^.
Photocapacitance measurements made on Si:Tl diodes have not 
been published by other workers, but absorption measurements have been 
made by Scott and Schmit(56) on thallium-doped silicon. Scott and 
Schmit measured a peak photoionisation cross-sectionof 2.6.10”^  cm^ at 
2.8 pm, based on an estimate of 5.0.10^-^ cm-^ for the thallium 
concentration in the crystal. The thallium concentration was calculated 
using Hall-effect data. It is not known whether there is any discrepancy 
between Hall-effect and C-V data for thallium, however assuming a 
correction factor of 2 applies (as in the case of indium), then a re­
interpreted value of ~ 5.2.10”^  cm^ for cr°T^ is obtained. Once again 
the absolute magnitude of the photoionisation cross-section as measured 
by absorption is seen to disagree with the transient photocapacitance 
result. The difference, as in the Si:In case, amounts to approximately 
one order of magnitude.
The temperature of operation of a thallium-doped silicon 
detector may be estimated from figure (7). If the hole capture cross-section, 
Op, is assumed to be « 10”^  cm^, then for E^ - 0.24 e V ^ ^  an 
estimated temperature of operation is ~ 100K.
3.4.4 Selenium-doped Silicon (Si:Se) >
A constant-capacitance DLTS spectrum, and the associated 
capacitance reading, made on a selenium-doped Schottky-barrier diode 
used in the optical experiments is shown in figure (32). The spectrum 
exhibits three peaks not observed in the control sample labelled A, B 
and C, as measured from the high-temperature end of the plot. Since 
selenium has an atomic configuration with two electrons more than 
silicon, it seems likely that the ’A' and 'B' centres are two different 
charge-states of a double-donor originating from the same substitutional 
selenium atom. It has been suggested by Vydyanath et al(57) that the 
fC f level is a complex between selenium and a shallow acceptor.
Thermal emission measurements showed that the emission rate 
varied only slightly with applied field, unlike the case with the group 
III acceptors indium and thallium which showed strong field-effects.
Figure (33) shows the results of thermal emission measurements made on 
Si:Se Schottky-barrier diodes. The enthalpy values obtained for the 
'A1 and *B' centres uncorrected for any temperature-dependence of the 
capture cross-section were 0.512 eV and 0.253 eV respectively, these 
values may be compared with 0.524 eV and 0.286 eV given by Grimmeiss et 
al(58) for the same centres also uncorrected for any temperature 
dependence of the capture cross-section.
The spectral dependence of the photoionisation cross-section 
for the selenium fB f centre is given in figure (34). The optical 
transition being probed was photoemission of the 'first1 (shallower) 
electron from the selenium centre to the conduction band. Also shown 
in figure (34) are the results of Grimmeiss et al(58) wh0 aiso used the 
transient photocapacitance technique. A Lucovsky plot is shown for 
comparison and is seen to agree with the experimental data quite well 
near threshold where the threshold energy was taken as 0.25 eV. The 
Grimmeiss results are seen to agree within a factor of 2.5 near the 
peak value, the agreement is reasonable, but clearly not as good as was 
seen with the Si:Pt diode results.
Absorption measurements on selenium-doped silicon have been made 
by Zhdanovich and K o z l o v ( 5 9 )  and S c l a r ( 6 0 ) .  Zhdanovich and Kozlov estimated 
a photoionisation cross-section of 2.10“^^ cm^ for the selenium 'B' centre 
and Sclar estimated a photoionisation cross-section of 5 . 8 . 1 0 * “^ ^  cm^ 
for both the 'A' and 'B' centres taken together. The above absorption 
results are seen to be in poor agreement, and the larger value is 
smaller than that obtained in the transient photo capacitance experiments 
by a factor of 5 .
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The temperature of operation of a Si:Se detector may be found 
by equating the optical and thermal emission rates. Assuming background 
photon flux intensities of 1 0 ^  and 10^  cm” 2 S”1 and a photoionisation 
cross-section (3-5 ^m band) of 3.10“16 cm2, then the thermal emission 
data of figure (33) yields operating temperatures of ~ 110K and 120K 
respectively. This is a very high operating temperature for an extrinsic 
silicon detector operating in the 3-5 pm band which is due primarily 
to the depth of the trap.
3.4.5 Tellurium-doped Silicon (Si:Te)
A constant-capacitance DLTS spectrum obtained from a tellurium- 
doped Schottky-barrier diode is shown in figure (35). The spectrum 
displays two peaks ('A* and 'B') and it seems likely, as in the case of 
Si:Se, that these peaks indicate two different charge-states of a double­
donor originating from the same substitutional tellurium atom.
Thermal emission measurements, and transient photocapacitance 
measurements made on the fA ’ centre, are described by Grimmeiss et al in 
reference (61).
Figure (36) shows the spectral distribution of the tellurium 
photoionisation cross-section for both the ’A 1 and *8’ centres. The 
optical transition being probed was electron emission from the shallower 
(fB f centre) or the deeper (!A f centre) to the conduction band. 
Unfortunately, the samples were not ideal for junction measurements 
because the capacitance "collapsed" at low temperatures, becoming 
practically flat as a function of bias. For this reason only four 
points were taken for the 'Bf centre and only two for the ’A 1 centre.
The fA T centre measurements were taken at 100K where the ’ B' centre was 
thermally emptied. The ' B ’ centre measurements were made at low 
temperature (50K) and at wavelengths beyond the ,A I centre cut-off.
Also shown in the figure are the results of Grimmeiss1 work on the !A ! 
centre(6-0 and a Lucovsky fit to the ,B f centre data.
Absorption measurements made by Lin et al(62) are also shown 
in figure (36), they measured a maximum photoionisation cross-section 
of 1.4.1Cf"16 cm^ at o.27 eV. The tellurium concentration was calculated 
from Hall-effect data and so the photoionisation is possibly an 
underestimate. Even so, the absorption result is still likely to differ 
from the transient photocapacitance results by an order of magnitude.
The temperature of operation of a Si:Te detector may be found 
by equating the optical and thermal emission rates. Assuming a 
photoionisation cross-section of 2.7.10”15 cm2 (3-5 (im band) and
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photon fluxes of 10^  and 10^5 cm“2 S“1 operating temperatures of 70K 
and 76K are obtained from the thermal emission data of Grimmeiss(61).
Lin et al(62) state that "with an activation energy of 0.2 eV it would 
be expected that a TgLjp in excess of 80K could be obtained for relatively 
high background flux levels"• It has been shown that these flux levels
must be considerably in excess of 10^  cm ”  2  s“l.
3.4.6 Radiation-induced Defects in p-type Silicon 
A constant-capacitance DLTS spectrum and the associated 
capacitance reading made on a Schottky-barrier diode fabricated on p- 
type electron-irradiated silicon is shown in figure (37). The diode 
was used in the optical measurements. The DLTS spectrum shows two 
major peaks, one occurs at 197.7K and the other at 119.7K.
Thermal emission measurements made on the diode showed only a
very weak field dependence of the thermal emission rate. Figure (38)
shows the results of thermal emission measurements made on the centres 
given by the DLTS trace. Enthalpy values obtained for these centres 
were Ey + 0 . 2 1  eV (the divacancy, V-V) for the low-temperature DLTS 
trap and Ev + 0.33 ± 0.1 eV for the trap indicated by the high-temperature 
DLTS peak. These enthalpy values were obtained from the slope of a plot 
of In ep/T versus 1/T which does not take into account any temperature- 
dependence of the capture cross-section.
. The spectral dependence of the photoionisation cross-section 
for both the divacancy and the level at Ev + 0.33 ± 0.1 eV is shown in 
figure (39). The optical transition being probed in both cases was 
hole emission from the donor-like centre to the valence band, i.e. 
these centres act in the counterdopant mode. The centre at Ev + 0.33 eV 
(measured with cooled-filters only) showed no optical response at 
4 iim. The rather peculiar shape of the divacancy photoionisation 
cross-section has also been shown by Gross^) and Maher et al(^0) wh0 
used photoconductivity measurements to obtain the relative spectral response 
of p-type electron-irradiated silicon. The results of Gross and Maher 
et al are reproduced in figure (40) for comparison.
The temperature of operation of a p-type electron-irradiated 
detector operating at 4 p,m may be found from the thermal emission 
rate and photoionisation cross-section curves as described before. 
Background-limited operation is expected to occur at 88K with a 
1014 c m “ 2  background photon flux, and at 97K with a 10^5 c m ”  2 s“l 
background flux. The rather high temperature of operation is due to a 
combination of depth of trap plus the fact that the divacancy is acting
-77
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in the counterdopant^mode, that is it appears as a neutral centre to 
the photoionised (hole) carrier.
3.4.7 Radiation-induced Defects in n-type Silicon'
This section is included for completeness.
The DLTS and thermal emission measurements for n-type irradiated 
diodes are fully described in reference (19).
The photoionisation cross-section measurements were made by 
Dr. Brotherton and will be described briefly.
The main interest was with the centre at Ec - 0.09 eV described 
in chapter 3 which was expected to offer an 8-14 pm band detector 
operating at liquid nitrogen temperatures due to its very small electron 
capture cross-section. However, in the course of this work the A-centre 
at Ec - 0.17 eV and the divacancy (V-V) at Ec - 0.23 eV were also 
measured. The optical transition probed in all three cases was electron 
emission to the conduction band from acceptor-like centres. Figure 
(41) shows the results of measuring the photoionisation cross-section 
for the three centres discussed above. The divacancy photoionisation 
cross-section was measured at ~ 90K where the A-centre and Ec - 0.09 eV 
centre had thermally emptied. Figure (42) shows how the A-centre and 
Ec - 0.09 eV photoionisation cross-sections were extracted. At low 
temperature (~ 50K) a fast short-circuit pulse of 2 ps duration was 
sufficient to substantially fill the A-centre whilst leaving the Ec - 0.09 eV 
level practically unfilled. Hence optical emission under these conditions 
yielded the A-centre photoionisation cross-section. The application of 
a long short-circuit pulse filled both the A-centre and E c - 0.09 eV 
level. The optical emission from both these centres was monitored and 
by plotting In AV versus t, the optical emission rate, and hence 
the photoionisation cross-section of the Ec - 0.09 eV level was extracted. 
Also shown in figure (42) is the background (dark) emission.
Returning to figure (41) it is seen that the magnitude of the 
photoionisation cross-section of the Ec - 0.09 eV level is falling very 
rapidly in the waveband (8-14 pm) of interest. This unfortunately 
means that the background-limited temperature of operation expected for 
this centre is severely lowered below 77K. For a photoionisation cross- 
section of 10” -^  ^ cm^ an(j lo^ -^  or 10l5 cm“2 background photon fluxes
the expected temperature of operation is ~ 53K for a 10-^ cm”2 S”1 flux 
and ~ 56K for a lO-^ cm“2 flux. These temperatures are quite 
respectable for extrinsic silicon operating in the 8-14 pm band but 
do not approach 77K which is a suitable operating temperature for 
mercury cadmium telluride (CMT) working in the 8-14 pm band.
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3.5 Discussion /
The transient photocapacitance results and the absorption 
measurements presented in this section were seen to be in general 
agreement with the work presented by others where such a comparison 
could be made. However, it was also seen that these two measurement 
techniques gave results that consistently differed by approximately one 
order of magnitude. Both the absorption and transient photocapacitance 
measurement techniques were examined in some detail in an attempt to 
resolve the discrepancy.
Absorption measurements were made with incident photon flux 
intensities differing by over one order of magnitude without any apparent 
change in spectral response.
In the transient photocapacitance measurements, polarisation, 
temperature and flux intensity were examined as possible sources of the 
disagreement but these did not affect the spectral response either.
The electric-field however could not be changed by more than a factor
of three with a mean field of approximately 10^ V cm*"!. This is a
large value of electric-field bearing in mind that the absorption 
measurements were made with zero applied field, and this must be 
considered as a possible source of the discrepancy although all that is 
expected is a change in the ionisation threshold, not absolute changes 
in magnitude near the peak.
To test the electric-field hypothesis the absorption of a
Si:In substrate was measured as a function of electric field. A maximum
field of 800 V cm”l was applied without any apparent change in
absorption, however this field was still smaller than the fields present 
in the diodes by about a factor of twelve.
Although the possibility exists that higher applied fields 
might resolve the discrepancy, at present the disparate results are not 
understood.
Following the work of I n k s o n ( ^ 9 )  the comparison of the 
experimental results with the Lucovsky and Billiard-ball models leads 
to the following conclusions.
i) The Si:Pt and Si:Tl results agree quite well with the expected
form given by the Billiard-ball model. This suggests(49) that the
transition taking place is non-vertical (i.e. phonons are 
involved) and also non-allowed optically.
ii) The Si:In and! Si:Se results have the spectral form near threshold 
given by the Lucovsky model. This behaviour indicates(49) a non­
allowed vertical transition.
iii) The strange spectral response of the divacancy in p-type material 
is not accounted for by any of the simple models•
iv) Unfortunately, not enough points were taken to obtain the spectral 
response for Si:Te, and the radiation centres in n-type material 
were not compared with the above models.
4. INDIUM DETECTOR MEASUREMENTS
4.1 Introduction
The preceding chapters were concerned with the measurement of 
fundamental properties of infra-red sensitive impurities in silicon.
In this chapter Si:In detector parameters are measured, these are 
quantities which encompass many of the fundamental properties of the 
impurities. In particular, the measurement of detector responsivity 
and noise will be given in some detail as these two parameters, together 
with the detector geometry, are sufficient to calculate the detectivity 
D*. The detectivity is an important figure-of-merit (FOM) which 
indicates the detector signal-to-noise ratio.
The detector responsivity is also analysed theoretically and 
a model is developed which explains the general features of the 
experimental responsivity results very well.
Finally, the parameters measured in the earlier chapters 
together with those obtained from the literature are used to estimate 
the expected responsivity, noise and detectivity for a Si:In detector. 
These calculated quantities are then compared with the experimental 
results.
4.2 Device Structure and Fabrication
The basic detector structure, together with a photomicrograph 
of a finished device is shown in figure (43). This detector is of the 
longitudinal type, that is the photons incident on the top-surface are 
parallel to the current flow. In transverse detectors current flow is 
perpendicular to the incident photon direction. The longitudinal 
geometry has been used because in the final device structure (the punch- 
through C.C.D.) current flow is parallel to the incident photon direction. 
Figure (43) shows that the aluminium inner and outer electrodes were
Outar dftPPuftion
Inoar diffusion
•0.x \ da.
w \ \  \ \ \ \  \ \  \ \  \ \ \ \ \ \  \ \ VUTTT1«-ftl urninium
1 m m
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connected to the p-type Si:In substrate via boron diffusions. The
photomicrograph shows that the optically active area was essentially
defined by the gate electrode and the electrically active area was
defined by the outer electrode. Optically stimulated current flow was
measured via the inner diffusion connection with the gate and outer
electrode earthed. Detectors were mounted on T05 headers which could
be mounted on the sample block in the CF104 cryostat previously described.
The detector fabrication schedule began with the growth of 3000A
of oxide (wet) at 1100°C. The diffusion windows were opened and boron
was diffused for 10 minutes at 975°C aiming for a sheet resistance of
~ 60 Q C T 1 . The slice was then re-oxidised at 1100°C for 170
minutes in dry oxygen. The oxide was then removed from the back of the
slice which subsequently underwent a gettering schedule. The slice was
wet-baked at 450°C for 40 minutes in nitrogen and the contact windows
were opened. Aluminium was evaporated and defined and the aluminium
back-contact was put down. Finally, the slice was heated to 475°C in
nitrogen for 15 minutes to sinter the contacts.
4.3 Responsivity
For a photoconductive detector where the photocurrent is the
quantity being monitored, the responsivity may be defined as the ratio
of the R.M.S. value of the fundamental component of the signal current
to the R.M.S. value of the fundamental component of the incident
radiation power(63). responsivity is thus defined as,
R = Is/P (A W"1) ... (4.1)
where, Ig = photocurrent (A)
P = incident radiation power (W)
the responsivity is found to be a function of the applied bias VA , 
frequency f, and wavelength X, so the functional dependence of the 
responsivity is given by,
R = R(VA , f , X) ... (4.2)
The above shows how a basic detector figure-of-merit, the responsivity, 
can be obtained by the measurement of photocurrent and incident radiation 
power on a detector structure. However, the responsivity may also be 
calculated from the basic material properties, if they are known, in the
- 88 -
following way.
The signal current Ig is given by,
Ig = Aq T) G ... (4.3)
where,
A = detector area (cm^)
T) = quantum efficiency (ratio of number of photons incident
to the number absorbed). 
q = electronic charge (1.6.10” -^^ C)
— O —1
= incident photon flux at wavelength X (cm s )
G = photoconductive gain (number of electrons flowing through
an external circuit per photon absorbed).
Now the incident radiation power at wavelength X is given by,
Px = A ^  ... (4.4)
X
and from the responsivity definition,
RX = IS = ... (4.5)
hc
For small values of the absorption coefficient the quantum efficiency may 
be approximated by,
T) * N°In o°In d ... (4.6)
where, considering the case of a Si:In detector the symbols have the 
following meaning,
or°In = indium photoionisation cross-section (cm^)
N°jn = concentration of neutral indium centres (cnT^) 
d = detector thickness (cm)
The photoconductive gain G is the ratio of the carrier lifetime t to
- 89 -
the carrier transit time Tr which is the time it takes a carrier to 
traverse the detector, i.e.,
u V A 
T D A  
G = —— = --- —^  x
T ,2 N_- a V
r d In p p
9  — 1 — 1
where, = drift mobility (cm V s )
— —9
= concentration of ionised indium centres (cm )
o
Op = hole capture cross-section (cm )
Vp = hole drift velocity (cm s-^)
Substituting these equations back into the equation for R gives,
I. N°t Q°t q jj V a A ,
R = _§. = = In In 4 D A ( -1
KA P, he NT- a V d he U  W ;
A In p p
At device operating temperatures - Np* the phosphorus excess 
concentration and for high indium concentrations with moderate 
overcompensation N°jn - Npn the total indium concentration. These 
minor substitutions give,
N a°T q jj V A ,
R, = t~ - ( A W  )
A N . Q V d h c  •••
P P P
The following typical values may then be inserted into equation (5.9).
- 2.103 ce? V”1 s'1 
VA = 30V
o°jn = 1.55.10-^  cm^ (this work)
A = 4 p,m (peak wavelength)
Op = 10‘13 cm3 (ref. 51)
d = 200 pm
Vp = 4.106 cm s"1 (60K)
which gives the following result,
R * NIn . 3.10"3 AW-1
N ,
P
(4.7)
(4.8)
(4.9)
(4.10)
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Hence for N-j-n = 2.10^ cm~"^ and Np! = l.lO^** cm ^
R - 0.6 A W-1
and for N-j-n = 2.10^ cm~"^  and N '* = 1.10^ cnf^
R - 6.0 A W-1
From the Hall-effect results of chapter 2 it is expected that the 
experimental responsivity results will lie in the above range of 0.6 to 
6.0 A W"l. Note that the above derivation does not include frequency 
effects which are not expected to be significant in the low kHz range.
4.3.1 Experimental Technique
The optical arrangement used for measuring responsivity is 
shown in figure (44). The radiation source and cryostat have been 
described (see 3.2.2).
The detector photocurrent was amplified either with a D.C. 
coupled 10^/10^ gain current a m p l i f i e r ( 6 4 )  or a Brookdeal 5002 current 
preamplifier. Bias in both cases was supplied via the D.C. amplifier 
unit as this incorporated noise rejection circuitry for a 1 clean1 supply 
rail: this was particularly important for the noise measurements.
Measurements were made with the detector gate and outer diffusion earthed.
Two current amplifiers were used for the following reason. 
Responsivity modelling required the steady-state (D.C.) responsivity 
characteristics which were obtained using the D.C. amplifier in 
conjunction with a shutter (to block the incident radiation). The 
amplified D.C. current was displayed on a D.V.M. and subtraction of the 
’light-off1 current from the ’light-on’ current gave the steady-state 
photocurrent signal. The Brookdeal 5002 A.C. coupled amplifier was 
used with a chopped radiation-source for measurements at 1 kHz. An 
additional advantage of the Brookdeal amplifier was its ability to sink 
considerably more D.C. current than the A.C. current it was measuring, 
hence the Brookdeal amplifier gave results to higher sample temperatures 
than the D.C. unit. In practice it was found that the D.C. responsivity 
and 1 kHz A.C. responsivities agreed almost precisely, implying that
frequency effects were not important at 1 kHz.
Incident radiation power-density (W cm“2) was measured either 
with the thermopile or pyroelectric radiometer previously described.
Responsivity measurements were made with a 4 pm 10% B.W.
filter (Glen Creston) as a function of temperature and bias.
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Spectral response measurements were also made, at low 
temperature, from 2 pm to 9 pm wavelength using 10% B.W. filters.
4.3.2 Results
Responsivity results are presented for work carried out on 
substrate material D177 (figure 45), D182 (figure 46) and VI (figure 
47)• Measurements made on several detectors from each batch showed 
very similar results.
The results show that for similar bias and temperature values 
the responsivity of VI is slightly higher than D182 and both are higher 
than D177 by about a factor of five. All samples show a sharp rise in 
responsivity between about 55K and 65K. A smaller rise in responsivity 
is seen between about 30K and 40K for crystal VI. In all cases the 
responsivity tends to ’roll-off’ at the higher temperatures. A model 
has been developed (see 4.4) that explains these features of the 
responsivity results.
The relative spectral response of a Si:In. photodetector is 
shown in figure (48). The measurements were made at 44K using 10% B.W. 
filters. The upper curve shows the relative responsivity as a function 
of wavelength and the lower curve shows the response normalised to the 
number of incident photons. A peculiar feature of the normalised 
response curve is the lack of a turnover point which was seen in 
absorption'measurements. However, the response in both cases falls 
rapidly near the expected cut-off (8 pm) and response beyond this 
wavelength is partly due to photoexcitation of the In-X level.
4.3.3 Discussion
The detailed shape of the responsivity curves will be discussed 
in the next section on modelling, however the overall results may be 
analysed in the framework of the basic theory given in section 4.3. In 
that section the responsivity at 60K with 30V applied bias and at a 
wavelength of 4 pm was calculated to be,
(A W-1)
The indium concentration Njn and the phosphorus excess concentration 
Np’ are available from the fitted Hall data which is valid in this case 
since the ratio Njn /Np ’ is being considered. Using the Hall-effect 
concentrations, and equation (4.10), table (4) was constructed showing 
the measured and calculated responsivity values for crystals VI, D177 and
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and D182 under the above conditions. The calculated and experimental 
responsivity values are seen to be in reasonably good agreement and the 
low responsivity of D177 material is seen to be a consequence of the 
rather excessive overcompensation.
Crystal
Experimental 
Responsivity 
(A W”1)
Hall-effect Concentrations(cm”3) Calculated 
Responsivity 
(A W ~1)
N ,
P N ln
VI 1.7 2.9.1014 2.0.1017 2.1
D177 0.22 2.1.1015 2.3.1017 0.33
D182 1.2 2.9.1014 1.1.1017 !.15
Conditions:
Va  = 30V 
\ = 4 pm 
T = 60 K
Table 4
4.4 Responsivity Modelling
In order to develop a model that explains the experimental 
responsivity data it is necessary to include the effects of levels shallower 
than indium that may act as trapping centres. With a segregation 
coefficient of near unity, boron is always present in silicon as an 
impurity. It also seems likely that the sharp drop in responsivity 
seen between 55 and 67K is due to a level shallower than indium. This 
is shown to be the indium-carbon complex, In-X. With the intentionally 
added phosphorus, the Si:In system that will be modelled appears as in 
figure (49).
For the above system, we may write the equations that need to 
be solved to find the trap occupancies in the steady-state.
0.155 cV 
0.110 aV
0 .0 4 4  0.V
Conduction
adga
Phosphorus
band
Indium
Indium -V
Boron
VoLenca bond adga.
F ig .4 9 . Si: In  systa.m
- 99 -
First there is the charge neutrality equation
p + Nd = Nx“ + N~ + N“ ... (A.11)
where, p = free hole concentration
Np = total concentration of donors (phosphorus)
Nin = concentration of ionised indium
Nx = concentration of ionised X-level
Ng = concentration of ionised boron
which can be written more generally, for any number of Acceptor levels as,
P + ND = .1 for n acceptor levels ... (4.12)
i=l
Next consider the following emission and capture processes occurring at 
each acceptor level.
(A) Thermal emission from a neutral centre
(B) Photoemission from a neutral centre
(C) Capture onto a negatively charged centre
For these processes, occurring in the steady-state, we can 
write the following equalities for the three acceptor levels:
epi N°In + $ c°In N°In - p Cpl (NIn - N°In) = 0
eP2 «°X + ® °x °V - PCp2 <NX - NV - 0
eP3 NB° + ® aB° NB° “ P CP3 <NB " N°B^ = 0
where ep n = emission rate constant (s“^)
— O —1
Cp n = capture rate constant (cm s ) 
o° = photoionisation cross-section (cm^)
... (4.13) 
... (4.14) 
... (4.15)
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A Fortran program was written to solve the above set of equations.
However, it is possible to make simplifications which allows the problem 
to be handled as a quadratic in p. This is a useful exercise as the 
simpler analytical solution allows one to gain physical insight into 
some of the processes involved.
The simplifying assumptions were as follows:
(A) No thermal emission from the neutral indium centre. We would 
expect the responsivity to be affected once the free-hole 
concentration due to thermal emission from the indium became 
comparable with the concentration of excess phosphorus. The 
Hall effect measurements show that this concentration is not 
achieved until about 150K. Since the optical characterisation 
is carried out below 80K, thermal emission is neglected.
(B) No photoemission from traps below the Fermi level. Since the 
traps are only present in concentrations of about 1% of the 
indium concentration, photoemission from traps will only be
a small perturbation on the system.
The quadratic solution for p is derived in Appendix (5). The 
effect of varying some of the parameters is shown in figures (50), (51) 
and (52).
The effect of varying the trap energy (figure (50)) is seen 
to be a very sensitive parameter when fitting to real data.
The sharp drop in hole concentration shown in figure (50) 
occurs in a specific temperature interval (for a given hole concentration) 
and indicates the energy-level of the trap involved. The energy-level 
of the trap may be found in the following way. At the top of the curve, 
the thermal emission rate is greater than the capture rate and the 
traps are mostly empty. At the bottom end of the curve the capture 
rate is greater than the emission rate and the traps are almost full.
Hence, at the midway point, where the trap occupancy is one half, we 
may equate the emission and capture processes to give,
N  E m
e_ = pC_ = CL —  exp - —1 ... (4.16)
P P p g kT
and solving for Ep,
NvET = kT In
gP
... (4.17)
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Again, photoemission from the trap is only a small correction
factor.
Thus the hole concentration together with the temperature at 
the midway point yields the trap energy level. Applying this result to 
the experimental responsivity curves gives the energy-level of the trap 
occurring between 57 and 65K as 0.110 eV. This energy corresponds with 
that measured for the so-called indium-X level, believed to be an indium- 
carbon complex.
The effect of varying the In-X level concentration is shown 
in figure (51). As might be expected the magnitude of the fall in hole 
concentration is proportional to the amount of X-level present. The 
boron level behaves similarly, although the sharp fall in hole 
concentration occurs at a lower temperature as expected from the theory, 
equation (4.17).
Finally, figure (52) shows the effect of varying the temperature 
power dependence of the hole capture cross-section. The equation giving 
the hole concentration in Appendix (5) shows that the curvature effect 
in this figure is due to the thermal velocity and hole capture cross- 
section product (Vp Op)• The thermal velocity has a T0 *^ power 
dependence and so a T”0«5 power dependence for the hole capture cross- 
section gives the temperature independent hole concentration shown in 
the figure. If the temperature power dependence of the hole capture 
cross-section is made more negative than - 0.5 then this term dominates 
over the T^«5 thermal velocity term and there is curvature downwards 
with reducing temperature, as shown in the figure. Similarly, if the 
temperature power dependence of the hole capture cross-section is made 
less negative than - 0.5 then the curvature is upwards.
Note however that with this simple theory there is no turnover 
of hole concentration (and hence responsivity) at the higher temperatures. 
Also, solving the Si:In system using this simple theory means that the 
system has to be considered as two independent subsystems. That is, at 
low temperatures the In-X level is considered full of holes and we need 
only consider the change in boron occupancy, whereas at higher temperatures 
the boron level is empty of holes and we need only consider the change 
in In-X level occupancy. Hence, there is no dynamical feedback between 
levels as there is with the more complete formulation.
These limitations however do not prevent this simple theory 
from providing a reasonably good fit to the experimental data.
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The form of the hole concentration versus temperature curve 
for the full solution of the equations (4.11) - (4.15) is given in 
figure (53). It differs from the simple solution in the following ways:
a) A high-temperature turnover is predicted.
b) Now that photoionisation from all levels is included, the 
magnitude of the fall in hole concentration when a given Jtrap 
occupancy changes from empty to full is dependent on the magnitude 
of the photoionisation cross-section relative to the hole capture 
cross-section.
The number of ionised trap centres as a function of temperature 
is given in figure (54) for the complete formulation. This figure uses 
the same parameters as figure (53). The reason for the response turnover 
at higher temperatures, as seen in the experimental results, is now 
apparent. As the temperature increases and the thermal hole concentration 
starts to rise (recall the simpler theory did not allow thermal emission 
from the indium) hole recapture onto the In-X level starts to take place.
The holes are supplied by the indium and hence we see a rise 
in Nj~. This rise in the N^“ concentration causes a decrease in 
the hole lifetime and hence the photoresponse also decrease's. The high 
temperature responsivity turnover is thus caused by hole recapture onto 
the In-X. The X-level does not simply empty and remain empty at higher 
temperatures.
Finally, in this section on responsivity modelling, figure 
(55) shows the effect of varying the magnitude of c^g/Opg 
(photoionisation to hole capture cross-section) for material where 
responsivity (and hence hole concentration) differs by an order of 
magnitude. Note that in low responsivity material with a cr°g/Opg 
of 10, a 2 x 10^5 cm“3 concentration of boron is not seen. However, in
T /
the higher responsivity material with the same cJ°g/Opg a 2 x 10 
cin”3 concentration of boron is just apparent, this is due to the higher 
free-hole concentration in the high responsivity material. This means 
that it is possible for boron (and for that matter any trap) to be 
present in significant quantities and yet its presence in a responsivity 
experiment of this type may not be seen if the magnitude of a°/cjp 
is such that it always remains empty. Also, it is possible that such a 
trap, although remaining undetected in low responsivity material, will 
appear in higher responsivity material because the capture rate is 
dependent on the free-hole concentration.
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In order to fit the theory to the experimental data it is 
necessary to convert the responsivity data to hole concentrations.
This requires a knowledge of the mobility as a function of field and 
temperature over the temperature range of interest.
Standard Hall measurements made on the detector material do 
not help. There are two reasons for this. In the first instance freeze- 
out occurs on the In and so mobilities can only be obtained down to 
about 65K where carrier concentrations are of the order 10^ cnf3. 
Secondly, the Hall mobility measured on a van der Pauw sample is a low- 
field measurement and the detectors are typically operated at bias 
fields of 1()3 V cm“^. Less seriously, use of the Hall mobility would 
require knowledge of the Hall scattering factor over the temperature 
range of interest which is not available (Photohall measurements would 
of course circumvent these problems).
Given the above difficulties for obtaining the mobility 
experimentally, the alternative was to calculate the mobility. The 
drift velocity data of Ottaviani et al(^5) was used to obtain the field 
dependent lattice scattering mobility, Pp£. Field independent 
neutral impurity (ppn ) and ionised impurity (ppp) terms were 
obtained from S c h r o e d e r ( 6 6 ) # The total mobility was obtained by 
reciprocal addition,
-1
M- = 1/M-pJi, "** 1/M-pn — 1/M'pl ( 4 . 1 8 )
This mobility model is not rigorous or complete, for instance instead 
of reciprocal addition of the individual mobilities there should be a 
statistical combination of the f o r m ( 6 7 )
JJ =
[ v ]  * [V ]
:v ]  * [ v ]
x F
( 4 . 1 9 )
where F is a transcendental function of lApjj/Hpi*
Also, the temperature appearing in the Brooks-Herring equation 
for ionised impurity scattering should be modified to take into account 
the high detector field. However, for the purpose of the fitting 
routine this formulation is sufficient.
Figure (56) shows the result of fitting the simple model to 
D177. The fit is reasonable and because the boron level does not make
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itself apparent in this material the program was run with just the In 
and In-X acceptor levels.
Reference to figure (52) indicates that it is not physically 
unreasonable for the hole concentration to rise at lower temperatures 
if the temperature power dependence of the hole capture cross-section 
is < - 0.5 and the dominant term becomes the temperature power dependence 
of the hole thermal velocity.
Figure (57) shows the full solution fit applied to D177 and 
figure (58) shows the full solution fit applied to VI, in both cases 
the calculated mobility is used.
It is seen that the high temperature turnover fit is not very 
good and it is thus apparent that other mechanisms are acting that have 
not been considered. With this exception however the model gives a 
fairly good fit to the data with physically reasonable values for the 
parameters and explains the overall structure of the responsivity curve 
very well.
4.5 Noise
For an extrinsic silicon photoconductor three major noise 
sources may be considered^®®). In the absence of electrical bias the 
absolute minimum internal noise that exists is termed Johnson noise, 
Nyquist noise, or thermal noise. This form of noise arises within any 
resistive .material for the random motion of the current carriers and is 
always associated with a dissipative mechanism. The Johnson noise 
current is given by(®^)#
.J
hi =
4kTB
"d
... (4.20)
or
where, rD
B
£
A Hz
4kT
detector resistance (Q) 
measurement band-width (Hz)
(4.21)
Any other forms of internally generated noise depends upon bias. Since 
they add (quadratically) to Johnson noise, all other forms of noise are 
referred to as excess noise. For an extrinsic silicon photo-conductor 
these other noise sources are optical and thermal generation-recombination
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noise (g-r noise) and 1/f noise, so named because it exhibits a 1/f 
power law spectrum to a close approximation.
At the maximum operating temperature of an extrinsic silicon 
photodetector the optically-generated g-r noise and the thermally- 
generated g-r noise components are equal. At typical operating 
temperatures the Johnson noise is usually much smaller than the g-r 
noise. The theoretical generation recombination noise current is given 
by(15),
i8Nr ’ 2q “D 7  a
P^ + Pm 
0 T Aid
4
where,
P0 - 
PT -
T =
optically generated carrier concentration (cm-^)
_ o
thermally generated carrier concentration (cm ) 
carrier lifetime (s)
(4.22)
From equation (4.22) the optically and thermally generated noise 
contributions can be estimated when either Pq »  P? or Pt >:> p0*
(i) Pn »  PT
The optical hole concentration is given b y ^ ^ ) #
p0 = 8cT 
= T}(J)BT/d
where,
(4.23)
(4.24)
—  ^  —1
gc = generation rate (cm s )
2 “14>-g = background photon flux (cm s ) 
t = hole lifetime (s)
from which the optical g-r noise i°jj» due to background radiation only is,
•o „ VA ^
1 N = 2q 7  T
d
(ta 0°T N°_ Ad
TB In In
(4.25)
with t) = N°In a°In d.
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(ii) P t »  Pn
In this case the thermally-generated g-r noise i^ is simply obtained
N
from (4.22) as,
.T VA 4
hr " 2 q y D 4  (pt AdT)d
and at temperatures where p << Nj), P-p may be given by,
(4.26)
PT g
NT - N , In p '
N ,
P
exp - In
kT
... (4.27)
The optically generated g-r noise values may be calculated by 
substituting the values given in the responsivity section into equation 
(4.25) together with,
<J>g - 10^  cm-  ^ s"1
which yields,
A = 1.075.10“^ cm”^
P J 1
In; . 2 . 10"7 A Hz"* (4.28)
N N .
P
Using the Hall concentrations given in table (1) for crystals VI, D177 
and D182, the expected optical noise values for a 30V bias are,
VI: •f0 1 N * 3.10"13 A
D177: i°1 N - 4.6.10“14
D182:
o•H * 2.3.10”13
Hz'*
A Hz 
A Hz~*
-i
4.5.1 Experimental Technique
The same indium-doped silicon detectors used in the responsivity 
experiments were used for noise measurements. Figure (59) shows the 
experimental arrangement used in measuring the detector noise. All 
noise measurements were carried out in a screened-room with a filtered 
mains supply. The detectors viewed 300K background radiation with a
P.S.U.
D.V.M.
Brookdeal
amplifier
Hewlett-Packard 
310A wave-analyser
Si: In 
Detector in cryostat
Oscilloscope
Bias
out
Bias
box
FigSS. Noise apparatus
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field-of-view of 34.4°. Noise was measured as a function of temperature 
at different detector bias values. The noise signal was amplified 
using the Brookdeai 5002 current preamplifier and the noise amplitude 
was measured on a Hewlett-Packard model 310A wave-analyser operating at 
a measurement frequency of 1 kHz with a 200 Hz handwidth. Noise not 
associated with the photoconductor was measured on the wave-analyser 
and quadratically subtracted from the measured detector noise. The 
noise not associated with the photoconductor was measured by connecting 
the noise measuring apparatus to a second electrical port on the CF104 
cryostat which was connected to a M u m m y 1 header, that is a T05 header 
without a sample. An oscilloscope was placed in the system as shown 
(figure 59) and was constantly monitored to make sure that no extraneous 
noise sources were present.
4.5.2 Results
The results of measuring noise on VI, D177 and D182 substrate 
material are shown in figures (60, 61, 62) respectively. The figures 
show the noise as a function of temperature for several values of the 
bias as indicated.
At low temperatures, that is below about 45K, the noise curves 
tend to ’flatten-out’ to a level associated with optical g-r noise. As 
the temperature increases above 50K the noise curves rise rapidly as 
thermal generation becomes more and more significant. The calculated 
noise values given in the figures agree quite well with the experimental 
results. The experimental results are slightly larger in each case due 
to noise sources other than simple g-r noise being present.
Also indicated on the diagrams are approximate operating 
temperatures found by equating the optical and thermal noise components.
If the optical and thermal g-r noise components are equal, then the 
total noise is given by their (quadratic) sum, i.e.
(iT0TAL)2 = (iV 2 + (iTN)2 (4*29)
but if i0^ = iTjj> then
iTOTAL = ^°N *** (4.30)
and so an approximate operating temperature may be found by multiplying 
the optical g-r noise value by i/2 and noting the temperature at this 
point on the noise curve.
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4.5.3 Discussion
The noise results presented in figures (60, 61, 62) are seen 
to agree reasonably well with the values predicted theoretically. The 
smaller D177 noise values are due to the lower responsivity material.
The measured noise spectrum was found to be flat from 1 kHz 
to 8 kHz, the upper frequency limit being set by the Brookdeal amplifier 
at the highest gain setting, hence 1/f noise was not considered to be 
important at 1 kHz.
The Johnson noise has also been neglected because calculations 
based on the measured detector resistance at these low temperatures 
show that the Johnson noise is at least one order of magnitude smaller 
than the measured optical g-r noise values. For example, the Johnson 
noise at 45K for the D182 photoconductor was calculated from the measured 
resistance to be ~ 2.6.10”^^ A Hz”^ in contrast with the measured g-r noise 
values of 3.8 10“ A Hz“  ^ at 5V bias and 2.6 10”13 A Hz”? at 30V bias.
The noise and responsivity results are used in calculating
the detector detectivity D* discussed in the next section.
4.6 Detectivity
The detectivity D* is the area normalised signal-to-noise 
ratio in unit bandwidth. The detectivity is given by,
• • • (4.31)
i
n
where,
R = responsivity (A W”l)
A = detector area (cm^) 
in = noise current (A Hz-^)
Hence the units of D* are cm Hz^ W“l. In quoting the detectivity D* 
either the field-of-view (FOV) or the incident photon flux must be 
given. For this reason D** has been defined (70) where,
D** = D* sin 0 (4.32)
where 0 is the half-angle field-of-view. The units of D** are cm Hzi 
ster^ W”l. D* can be defined in terms of response to a monochromatic 
sourse or in response to a black-body source. The responsivity was 
measured at 4 pm hence the D* to be given in the results will be D* 
(4,1q3,1) where 1 represents the 1 Hz bandwidth.
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D* may also be given in terms of the quantum efficiency and 
background flux if the detector is operating under BLIP conditions, 
that is at a temperature where the optically generated g-r noise is 
much greater than the thermally generated g-r noise. Uiider these 
conditions the detectivity is given by^l^)^
BLIP 2hc
_n_ 
<f>„
cm Hz^ W”1 ••• (4
The experimental D*gLjp value obtained from the low-temperature end of 
a D* versus temperature plot may thus be compared with a theoretical 
value given by equation (4.33). From absorption data given in figure 
(17) the absorption coefficient at 4 pm was approximately 16 cm"! for 
D177 and 12 cm“l for D182. Assuming that the VI substrate is similar 
to D182 then the quantum efficiencies may be given by(^6),
(1 - R) (1 - e-“d) 
n = —  -  -  jga —  —  <4
(1 - R e J
where R is the silicon reflection coefficient (~ 0.3). The incident 
background photon flux has been estimated from the responsivity of 
Si:In detectors at low-temperature with only background radiation 
incident to be ~ 10^3 cm”2 s”l. Substituting the above into equation 
(4.33) and remembering that the measurements were made at 4 pm, the 
expression for D*gLIP becomes,
D*blip ~ 3 • 2.1o11(t))^  cm Hz^ W-1 ... (4.35)
The calculated quantum efficiencies (equation (4.34)) for VI 
and D182 are ~ 23% and for D177 it is ~ 30%, hence the estimated D*bljp 
values obtained are,
VI, D182 = D*BLIp * 1.5 x 1011 cm Hz^ W_1
and,
.33)
.34)
D177 = D*BBjp « 1.8 x 10^ cm Hz^ W""^
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It is interesting to see that the only material parameter 
that determines D*gLip is tbe quantum efficiency, that is, D* is 
independent of responsivity (lifetime). Hence, although the detector 
responsivities differ by over a factor of 5, equation (4.35) predicts
that the D*gLpp values should be very nearly the same.
4.6.1 Results
The noise and responsivity results were combined to produce 
the detectivity curves given in figures (63,64,65). The figures show a 
1 roll-off1 in detectivity as the temperature rises above about 50K 
where the thermally generated g-r noise starts increasing rapidly. At 
temperatures below about 40K the curves are essentially flat and the 
dominant noise source is optically generated g-r noise. Note that
structure seen on the responsivity curves is absent from the detectivity
curves since this structure is also present in the noise data and hence 
'cancels out' when the detectivity is formed. It is also seen that the 
detectivity is quite insensitive to applied bias as expected from 
equation (4.35) •
The experimental D* values are seen to agree with the calculated 
results to within a factor 2.5 in the worst case (VI) and to within a 
factor of 1.5 for the best case (D182).
Also given in the figures are the D**gLIP values an^ the BLIP 
temperature of operation. The BLIP temperature of operation was obtained 
from the temperature at which D* = D*ggj;p * /2, this criterion follows 
the same argument as the temperature of operation estimated from the 
noise curves, that is equality of the thermal and optical noise values 
lead to the above condition.
4.6.2 Discussion
It has been confirmed experimentally that the detectivity of 
SiSin photoconductive substrates is only a function of the quantum 
efficiency under BLIP conditions. For applications in C.C.D. infra­
red imagers this means that the responsivity can be tailored (by altering 
the excess phosphorus concentration) to give suitably-sized charge- 
packets in a given integration time without affecting the D*gLjp.
However, it must be remembered that noise in the C.C.D. multiplexer 
itself may severely limit the lowest values of responsivity that may be 
used.
The temperature of operation of the VI substrate lies well 
below the expected temperature of operation of » 60K. This is believed 
to be due to undercompensation of this crystal with freeze-out occurring
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on the In-X centre. The Hall modelling (2.3) showed that it can be
difficult to detect freeze-out on the X-level as the form of the Hall-
effect curve is not significantly different from the overcompensation
case. However, another possibility is that the crystal was initially
overcompensated but processing to form the detector structure caused
the crystal to become undercompensated.
5. PUNCH-THROUGH C.C.D. DEVICE
5.1 Introduction
As discussed in chapter 1, the requirement for large thermal 
imaging arrays, together with the advantages offered by performing 
basic signal processing on the focal plane, makes the monolithic silicon 
approach, in which the detectors and read-out structure are fabricated 
on the same piece of silicon, look very appealing.
A common fabrication procedure is to start with an infra-red 
photoconductive substrate and grow on this an epitaxial layer of opposite 
conductivity type. A charge-coupled device (C.C.D.) is then fabricated 
in the epitaxial layer which may collect photogenerated charge from the 
substrate either by direct-injection(3) or via the punch-through 
mechanism^ »^). The direct-injection technique requires a deep-diffusion 
to couple the substrate with the surface of the epitaxial layer. The 
punch-through device does not require a deep-diffusion and charge pick­
up is controlled by the C.C.D. gate clocking electrodes themselves.
5.2 Punch-through Mechanism
The punch-through device is operated with the epitaxial layer 
and the substrate shorted together.
Figure (66) illustrates the basic principles involved in the 
punch-through technique. The band-diagrams are for the case of an 
oxide on an n-type epitaxial layer and an underlying p-type photoconductive 
substrate. The gate clocking electrodes are put down on the oxide.
The top band-diagram shows the situation with a negative gate potential 
applied to one of the C.C.D. gate clocking electrodes. The gate voltage 
Vq is less than the voltage necessary to punch-through (Vp^) and the 
epitaxial layer is only partially depleted. In the middle band-diagram 
the gate potential has been increased above that necessary for full 
depletion of the epitaxial layer and punch-through to the substrate has 
occurred. The voltage in excess of that required to punch-through is 
dropped across the p-n junction (forward biassing it) and across the 
substrate which supports the flow of photogenerated hole current.
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Photogenerated holes are thus able to flow from the substrate into a
C.C.D* well at the Si/Si:02 interface under the punch-through conditions.
As charge accumulates in the C.C.D. potential well the voltage drop 
across the oxide increases and the voltage drop across the substrate 
and p-n junction decreases. For a zero flat-band voltage, and considering 
the potentials as a function of time, we may write^l)^
V G = + ^S(MAX) + + VsUB^t) ••• (5 *1)
where, V q x C O  = voltage drop across the oxide (V)
^S(MAX) = sur>face potential when the epitaxial layer 
is fully depleted (V)
Vj(t) = voltage drop across the p-n junction (V)
VguB^) = voltage drop across the substrate (V)
In addition, . _
Q (t) qN W
VOX^) = “5--- + ••• (5 »2)
OX OX
where,
—  9Qp(t) = stored hole charge (C cm )
_ O
Np - epitaxial layer doping concentration (cm )
W = epitaxial layer thickness (cm)
So, as the voltage drop across the oxide increases with stored charge, 
the voltage drop across the junction and substrate decreases, eventually 
becoming zero. This situation is.shown in the bottom band-diagram, the 
C.C.D. well has filled and charge collection has terminated. This 
process illustrates the automatic anti-blooming feature of the device, 
once a well has filled charge collection terminates, there is no excess 
charge to be spilt into adjacent wells.
5.3 Experimental Results
The clocking and output waveforms for a device operated in 
the punch-through mode are shown in figure (67)(5). The device was a 
16-bit 4-phase polysilicon-gated surface-channel C.C.D. The punch- 
through charge was accumulated under the phase-1 (<j>^ ) gates, with 
the potentials of the other gates held at appropriate voltages less
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than the punch-through threshold voltage. At the termination of the 
punch-through period, the voltage on the phase-1 gate was reduced back 
to its normal clocking potential and the clocks on all four phases 
restarted. As shown in the lower half of the figure, sixteen ones were 
clocked-out of the C.C.D. followed by a stream of zeros. Since the 
measurements were made at 83.IK, the conductivity of the indium-doped 
substrate was dominated by thermally, rather than optically, generated 
charges. However, the result serves to illustrate the uniformity in 
punch-through threshold achieved in the array. The threshold voltage 
is a function of the charges in the oxide, as well as the doping 
concentration of the epitaxial layer and the thickness of both the 
epitaxial layer and the gate oxide.
Further outputs from a device measured at 40K with and without 
illumination from the radiation source at 500K are shown in figure 
(68)(5). The overall time-dependence of the collected charge at 53K is 
shown in figure (69)^ f o r  three different conditions which are, no 
optical generation (curve 1), that is thermal generation only, thermal 
generation plus 300K background optical generation (curve 2), and the 
additional influence of the radiation source (curve 3). The curves 
indicate the expected saturation of inversion charge density with 
integration time. The shorter integration time constants with increased 
illumination are consistent with decreasing substrate resistance, and 
the responsivity obtained from the shift between curves 1 and 2 due to 
300K background illumination was in good agreement with that obtained 
between curves 2 and 3 due to the 500K source.
5.4 Conclusions
The operation of an extrinsic silicon infra-red C.C.D. using 
punch-through charge-input has been described. The C.C.D. was fabricated 
in an n-type epitaxial layer on an indium-doped (p-type) substrate, and 
the input structure is believed to be more compact and easier to 
fabricate than comparable structures involving deep coupling diffusions. 
The punch-through mechanism was demonstrated using the C.C.D. clocking 
lines themselves as the input gates; alternatively, charge-collection 
could be effected with separate field plate collection electrodes 
coupled into the C.C.D. with conventional transfer gates.
6 . DISCUSSION AND CONCLUSIONS
Hall-effect measurements made on indium-doped silicon substrates 
and radiation-induced defects in n-type silicon were discussed in
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chapter 2* Nine indium-doped silicon substrates were characterised 
using this method and the following results were obtained,
i) At room temperature none of the substrates entered the indium 
exhaustion region, 
ii) The thermal activation energy calculated from the slope of a 
Hall-plot at low temperatures was a function of the In-X level 
contamination.
iii) The indium and In-X levels did not appear as two distinct slopes 
separated by an exhaustion region in the Hall-effect plots but 
behaved like a centre of intermediate character, 
iv) The indium concentration obtained by fitting the Hall-effect 
results was in disagreement with the indium concentration 
resulting from flaraeless atomic absorption and C-V measurements.
The flameless atomic absorption and C-V measurements were in 
very good agreement and gave values that were typically 50% 
smaller than the corresponding curve-fitting result. A similar 
discrepancy between Hall-effect and diode C-V and breakdown 
measurements on indium-doped silicon has been previously 
reported(25)# Possible origins of this disagreement were 
discussed.
Hall-effect measurements made on radiation-induced defects in 
n-type silicon gave enthalpy values of 0.17 eV for the 'A1 centre and 
0.08 eV for the *K* centre. These measurements thus confirmed the 
corrected enthalpy value for the 'K* centre (obtained from thermal 
emission and capture cross-section measurements) whose uncorrected 
enthalpy value obtained from thermal emission measurements alone was 
0.17 eV.
In chapter 3 junction space-charge measurements were described. 
In all seven materials were characterised, these were, platinum-doped 
silicon (Si:Pt), indium-doped silicon (Si:In), thallium-doped silicon 
(Si:Tl), selenium-doped silicon (Si:Se), tellurium-doped silicon (Si:Te), 
and radiation-induced defects in p and n-type silicon. The absolute 
value of the photoionisation cross-section as a function of photon 
energy was measured for all of these centres using the transient 
photocapacitance technique. In addition, DLTS and thermal emission 
measurements were made on several of the centres. Where such comparisons 
were possible it was shown that the transient photocapacitance results 
agreed quite well with other workers as did absorption measurements on 
indium-doped silicon. However, there was a large discrepancy (factor
- 135 -
of 5 to 10) between the absolute value of the photoionisation cross- 
section as determined by transient photocapacitance and that given by 
absorption. The origin of this discrepancy is not understood. The 
spectral dependence of the photoionisation cross-section for the above 
centres was found to follow either the L u c o v s k y ( ^ )  or Billiard-ball^®) 
models where such a comparison was made. The one exception was the. 
divacancy in p-type silicon whose spectral distribution did not follow 
the form of any simple model.
Chapter 4 described detector measurements made on indium- 
doped silicon substrates. These measurements gave values for the 
responsivity, noise and detectivity which agreed well with theoretical 
estimates for these quantities. A maximum detectivity of ~ 10H  cm Hz^ W~l 
{d *^ (4,10^,1)} with a field-of-view of 34.4° and a maximum 
operating temperature of ~ 60K were obtained for crystal D182. As predicted 
theoretically, the detectivity was shown to be only a function of the 
substrate quantum efficiency and not dependent on its responsivity. A 
model for the steady-state responsivity was developed which explained 
the general features of the responsivity curves very well.
The punch-through C.C.D. device described in the last chapter 
showed the feasibility of fabricating a monolithic focal plane array 
based on an extrinsic silicon photoconductor using the punch-through 
concept^).. Figure (70) is a photo-micrograph of the 64-element C.C.D. 
(bottom right-hand corner) which incorporated an output amplifier and 
the facility for electrical input. Although this device is a 64-element 
linear array, there is no reason why the array cannot be extended to 
make either a larger linear array or a two dimensional array. However, 
the present device was fabricated on a Si:In substrate and Si:In is not 
commercially attractive because of its low temperature of operation 
( ~ 60K)• A dopant that would be commercially attractive needs to be 
able to compete with the intrinsic material mercury cadmium telluride 
(CMT) which can operate in the 8-14 pm band at 77K and in the 3-5 pm 
band at 200K. None of the centres characterised in this thesis approach 
these operational requirements, however the possibility of the existence 
of a ’counterdopant1 centre, either impurity or radiation-defect, with 
the required properties should not be discounted.
In conclusion, extrinsic silicon can provide large uniform 
arrays of high-performance at the cost of low operating temperature.
There is little commercial interest in high-performance devices with 
low operating temperatures, but if the 'ideal counterdopant' were found
1 m m
70 . P h o to m ic ro g ra p h  oP punch -  through  
C.C.Q de.te.ctor and te s t  structure!.
that could raise the operating temperature to that of ihtrinsics then 
extrinsic silicon would become very competitive in the thermal imager 
market.
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APPENDIX 1
CALCULATION OF Tk t.tp FOR A Si:In PHOTODETECTOR
The low-temperature free-hole concentration where p «  Np1 is
given by,
NT - N f N-. E
In p V In /*i np = ---   1----- exp — ••• vAi.i;
Npl g — ^ kT
The steady-state density of holes produced optically may be 
found by equating photoemission to capture on the ionised indium levels, i.e.
n ° a° <J> = P V a N , ... (A1.2)
In In r P P P
emission capture
from which,
P =
o o .
nt a _ 4> 
In In
V a N ,
P P P
(A1.3)
Equating equations Al.l and A1.3 yields,
e t <j) a °T nt °
T = In ■■ - -j — c - i  ••• (A1.4)
k Vp p In " ^  NV
but, N°In = Njn - Np1, and under background-limited conditions (J) = <J)g, 
the background 300K photon flux density. Making these substitutions the 
well-known expression for TgLjp results,
Et K  °°t
T = in — ---- — -3-  ••• (A1.5)
BLIP k V a N._
p p V
Equation A1.5 shows that the BLIP temperature of operation of an extrinsic 
silicon detector improves with,
- Al.2 -
1) Depth of trap, provided operation in the given waveband is still
satisfied (\c( pm) = 1.24/ET(eV)).
2) Magnitude of the photoionisation cross-section. The larger the 
photoionisation cross-section the higher the temperature of 
operation.
3) Magnitude of the capture cross-section for the photoionised carrier. 
The smaller the capture cross-section the higher the temperature of 
operation.
4) Background photon flux density. Under high-background conditions 
the temperature of operation increases.
optical emission rates to find the temperature of operation was an 
alternative method of finding Tg^pp. This is shown to be so below.
In the text it was stated that equating the thermal and
Equating the thermal emission rate to the optical emission 
rate, we obtain (for indium),
ep " a°In • • • (A1.6)
— 0 —1
where <j>g is the background photon flux density (cm s ). Now since
e = V O —  exp 
P P P g kT
• • • (A1.7)
Equation (A1.6) may be written
(A1.8)
Hence, re-arranging gives
BLIP
in agreement with equation (A1.5).
APPENDIX 2
ENERGY-LEVEL
Inconsistencies concerning the 1 energy-level* of a centre may 
appear in the literature because of the lack of a clear definition of the 
term 'energy-level.
The 'energy', being an integral part of Shockley-Read-Hall 
statistics should be treated either as a Gibbs free-energy with a 
temperature dependence or as an enthalpy, in which case the entropy 
properties of the centre should be taken into account(32)#
The thermal emission rates for electrons (en) and for holes (ep) 
can be written alternatively in terms of Gibbs free-energies AG, or 
enthalpies AH, in the following way(31>32).
e = V a N exp 
n n n c r
AG } 
n
kT
X V a N exp 
n n n c r
where,
AH
n
kT
(A2.1)
X = —  exp 
n gx
AS (VIB) 
n (A2.2)
and,
AG AH 1
e = V 0 N„ exp 
P P P v
P
kT
t -
= X V G N„ exp 
P P P V v
P
kT
4
(A2.3)
where,
81
X = —  exp 
P gQ
AS (VIB) 
P (A2.4)
In the above equations, Vn and Vp are the thermal velocities 
for electrons and holes, respectively, and °n and (Tp are the associated 
capture cross-sections (possibly temperature dependent). N c and Ny are 
the effective density-of-states for the conduction and valence bands 
respectively. AGn and AGp are the changes in Gibbs free-energy needed 
to excite an electron from the impurity to the conduction-band or a hole 
from the impurity to the valence-band, respectively. AHn and AHp are
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the corresponding enthalpy values. The factors Xn and Xp originate from 
the change in entropy taking place when a charge carrier is excited from 
the impurity. This entropy change has two causes. Firstly, for a deep 
impurity where excited states can be neglected, the change in the number 
of electronic states is determined by the change in degeneracy. This is 
shown in equations (A2.2) and (A2.4) as the ratio between the degeneracies 
g0 of an empty centre, and g^ of a centre filled with one electron.
Secondly, the emission or capture of an electron by the centre changes 
the vibrational frequency of the centre. The magnitude of the change 
depends on to what extent the electron state is bonding or a n t i b o n d i n g (33-). 
This leads to a change in vibrational entropy, represented by the exponents 
of ASn(VIB)/k and ASp(VIB)/k in equations (A2.2) and (A2.4). The two 
different ways of expressing equations (A2.1) and (A2.3) depend on the 
fact that the Gibbs free-energy AGn ,p and the enthalpy AHn ,p are 
related by,
AGn,p = AHn,p " T (Asn,p(ELECTRONIC) + Asn,p(VIBRATIONAL) ••• <A 2 -5)
■I
where,
g
ASn(ELECTRONIC) = k • ln (A2,6)
81
ASp (ELECTRONIC) = k 1^ ” * (A2,7)
Hence the statistics of a centre may be treated in terms of a 
Gibbs free-energy or in terms of enthalpies taking into account the 
entropy factors Xn and Xp.
The question now arises as to what fenergy-level' is being 
measured in a particular experiment. Consider first the measurement of 
emission rates as a function of temperature as given in equations (A2.1) 
and (A2.3), then assuming the temperature-dependence of the capture cross- 
section is known, the usual plot of ln(en p/ T ) versus 1/T is seen to 
yield the enthalpy AHn>p. Over the limited temperature range of the 
experiment, the values Vn>p; crn>p; NCjv> AHn,p> anc* T may thus be re­
inserted into the equations to calculate AGn ,p anc* ^n,p*
In a Hall-effect experiment a plot of In (carrier concentration x T“3/2) 
versus 1/T is also seen to extract the enthalpy.
In direct analogy to other two phase systems a simple phase-
diagram as shown in figure A2 may be considered. From figure A2 it is 
seen that experimental values of AH are linearly extrapolated values of
then the enthalpy value obtained (by simply taking the slope) is AHq . The 
figure also shows that at T = OK (where by the 3rd law AS = 0) then 
AHn,p = AGn>p. Note also that if the Gibbs free-energy is not a 
function of temperature (horizontal line) over a given temperature 
interval, then AHnjP = AGn>p over that interval and T(ASn>p(ELECTR0NIC)
+Asn,p(VIBRATIONAL) E °*
AHn>p(T) from AGn>p(T) or vice versa when the entropy change is non­
zero.
AG to T = OK, the figure shows that if the enthalpy is measured at T = T1
Finally, some basic thermodynamics may be applied to find
From the basic definition
G = U + PV - TS = H - TS (A2.8)
Hence
dG = dU + PdV + VdP - TdS - SdT (A2.9)
= - SdT + VdP (A2.10)
and
P
(A2.ll)
Substitution of (A2.ll) into (A2.8) then gives
P
• • • (A2.12)
or equivalently,
E'n,p
')P
+>T
Fi0.A2. ILlustrafc-iva. phase- diagt-am oF an
‘i m p u r i t y  c e n t r a
APPENDIX 3
SIMPLE EXPRESSIONS FOR THE FREE-HOLE CONCENTRATIONS EXPECTED FOR Si:In IN 
A HALL-TYPE EXPERIMENT
Consider charge-balance between free-holes, ionised donors and 
ionised indium only. Then,
P + N =  N - ... (A3.1)
D In
and, E.„
p = Nv exp - ^  ... (A3.2)
-> E_, = kT In —  / *
F p ... (A3.3)
Hence,
N Nt
N - = _________   =  _ -----  (A3 4)
In E^ - E_ Et * "
. F In _ gp In
1 + g e x p  X + —  exp
Therefore,
N T
p + Nd =  — — —  ... (A3.5) *
•, , gp In
1 + s ; exp k r
Consider now the low temperature case where p «  Np Then,
N
ND - ------- =2— E—  ... (A3.6)
•. 8P ln
exp “k T
and,
„ NIn " ND NV EIn 7>
p  N ^ T e x p " W  ••• (A3‘7)
E_
» • • sn T
Now consider the high-temperature case with p »  Np, exp »  1, but the
temperature not so high that we enter the intrinsic region. Then,
APPENDIX 4
EXPRESSIONS FOR TRANSMISSION THROUGH ABSORBING SILICON SLICES FOR THE 
ANALYSIS OF Si:In TRANSMISSION CURVES
From figure (A4.1) let the incident beam intensity I be unity, 
then the transmitted beam intensity 1^ can be found by summation to be,
IT » (1 - R)e
-ax
[l - R + (R2 - R3)e_2“X + (R4 - R5)e"4ax +
= (1 - R)e
-ax 1 - R + R2 (1 - R)e 2ax + R4 (1 - R)e”4ax + ...
(1 - R)2e”°tX
i _t_ tj 2 -2ax _4 -4ax1 + R e  + R e  +
(1 - R)2 e~ax
2 -2ax 
1 - R e
(A4.1)
Hence,
I m „n2 -ax
T _ _T _ (1 - R) e
I i _,2 -2ax 
1 - R e
The transmission through undoped silicon slices (a = 0),
= -- = reference beam
1 - R
(A4.2)
So the transmission normalised to the reference beam is,
_ (1 - R)2 e~ax 1 - R2
_ _2 -2ax _v2
1 - R e (1 - R)
. (1 - R2) e~ax 
1 - R2 e~2ax
(A4.3)
where equation (A4.3) gives the transmission measured in the Si:In absorption 
experiments.
-MI
(I-R.)
R(I-R)o:a></  R4( I - R ) a 3a><
L -R / R(I-R)ixi * \ / ^ R 2(I-R)<£Za><
Fig.A^M . Trar\sm\ss ion bbrough a th’\n absorbing
plaba.,
A reflection coefficient of 0.3 (Si) yields,
T = e-ax 0.91
1 - 0.09 e
-2ax ... (A4.4)
-ax v 
= e f (ax) ... (A4.5)
Hence, for our Si:In samples (ax 1 -*■ 2.5) equating transmission
—ax . . .
with e instead of using the full expression given by equation (A4.4) leads
to an underestimate of by between 5% and 10%.
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APPENDIX 5
THE QUADRATIC APPROXIMATION
We consider the Si:In system to consist of the phosphorus 
the indium level, and one trap level.
From the text we only consider,
1) Capture of holes onto ionised indium.
2) Photoemission of holes from neutral indium.
3) Capture of holes onto ionised traps.
4) Thermal emission of holes from neutral traps.
In the steady-state we may write
dp = ^ i
dt dt
dNIn
dt = 0
dN,
dt 6PNT “ P aPT V NT ” NT  ^ " °
where, = thermal emission rate constant (s 
= trap concentration (Np0 = neutral) (cm
_3
= free hole concentration (cm )
PT = trap hole capture cross-section (cm ) 
= hole thermal velocity (cm s
From equation (2)
N„
P a v n
Also,
where,
dN
In
dt = $  a o N X n  -  P a p V ( N p  + N t °) = 0
-2 -1
$ - = ionising photon flux (cm s )
2
00 = indium photoionisation cross-section (cm )
NT = indium concentration (cm 
In y 2
ap = indium hole capture cross-section (cm )
Np = concentration of phosphorus in excess of the 
trap concentration (cm )
level,
(A5.1)
(A5.2)
(A5.3)
(A5.4)
Substituting for Np° in equation (4) and collecting terms gives,
2
P vp2 °P °pt(np + V + P Vp (ap Np ep - apT $ aQ NIn) - ep $ aQ NIn = 0
... (A5.5)
and hence we obtain for the quadratic solution,
(0PT * °o Nln ' aPNPeP} + / (0PT * aoNm  + aPNPeP)2 + 4ap0PTeP ■* aoNInNT 
P " 2VP °P aPT(NP + V
... (A5.6)
1 Et . . .
Since ep = ~  °pT ^ Nv e " kT * a ^urt^er simplification can be made by
1 ETcancelling Qpp throughout and replacing ep by —  V Nv e - ^  . If
1 et .
—  V N e - r-=- = A, then we obtain, 
g v kT * ’
(* °o NIn " °p Np A) + / *  0Q NIn + apNpA )2 + 4 a /  $ Oq Np 
p 2Vpap (Np + Nt)
... (A5.7)
Checking the limit; if Np = 0  then,
